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based on investigations of simple heteregeneous models. ihe existence ,.k
of large gradients and high local SARs, as confirmed by our results, ZL
further supports an accepted view that biological effects at relatively
low average SAPs are due to thermal interactions This is particularly
important at frequencies at and near the F~s~ance frequency for a
given species.

-or humans, high SARs occur in the neck, and the ratio of the SAR
in the neck to the whole-body average increases with frequency Our
investigations suggest that below 160 Mz, high ratios may /ccur.
Presently, available theory offers little guidance in this repect, as
he block model calculations have been shown to be unre-lable or

determining SARs in relatively small volumes. -

Findings: Near-field Exposures-

'Abased on the experimental findings we believe that because of the
spatial pattern of energy deposition, the whole-body average SAR is not
an adequate dosimetric measure for near-field exposures. For assess-
ment of potential hazards and derivation of exposure lm a a quantity
such as the SAR averaged over 10% of the total volumek or mass is sug-
gested as a more adequate quantity. Furthermore, because the peak to
av:rage SAls are of the order of hundreds, if only the whole-body-
average SA is considered in establishing safety limits, potential
problems may arise from high SARs in crucial locations, e.g. the eye.

*, For instance, the ANS! standard exempts all portable transmitters
having output power of 7W or less below I GHz, but a dipole antenna
with a reflector deposits about 15 W/kg close to the body surface forthe output power cf 7W.

" Similarly as for the far-field, presently available theories do
not provide reliable data on peak SARa or SAs averaged over limited
size volumes.
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INTRODUCTION

This research project was carried out from December 1, 1981 till

September 31, 1985. Four scientific reports have been submitted

earlier.

The objective of the project was to develop and evaluate a

computer-controlled system for measurements of the spatial distribution

of the specific absorption rate (SAR ) in biological bodies and to per-

form measurements on a model of the human body, with particular

emphasis on exposures in the near-field of antennas.

In this report we provide only a summary of findings, as detailed

information can be found in our publications enclosed in th& Appendix

and the four earlier reports (see list of reports submitted).

EXPERIMENTAL SYSTEM AND MATERIALS

A computer-controlled scanning system is capable of positioning

electric field probes within a volume of 2 x 0.5 x 0.5 m with an uncer-

tainty of 0.05 m. The system also provides for data acquisition,

processing, display and recording (Stuchly et al, 1983). The system

can acquire, and record the data on the SAR in over 650 locations

vithin a full-scale model of the human body in approx. 1.5h. The

specific absorption rate is calculated from the measured electric field

intensity. The electric field intensity is measured with implantable

triaxial electric-field probes. The probes have been fully charac-

terized and calibrated at various frequencies. Their calibration

accuracy is ±1 dB, while the repeatability in the SAR measurements is

better than ±0.5 dB (Stuchly et al 1984). At the latter part of the

project, performance of the probes was investigated at interfaces of
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regions with different dielectric properties. This investigation was

done in non-homogeneous spheres consisting of an inner air pocket

surrounded by muscle material. A fully satisfactory behaviour of the

probes was observed, when corrections for different calibration factors

were applied. Differences between the caltulated and measured values

of the SAl at interfaces did not exceed ± I dB.

Special electronic circuitry was built to interface the electric

field probes with the computer. During the course of the project three

versions of the circuitry were built (Stuchly at al 1986c), with the

latest one proviuLng an improvement in the signal-to-noise ratio of

about I dB. The electronic systems built allowed us to measure rela-

tively weak electric fields in tissue, and to obtain a wide dynamic

range of over 30 dB (Stuchly et al 1986c).

To simulate the electrical properties of tissues new tissue-

equivalent materials have been developed. They are characterized by a

long life time of over one year, in contrast to the previously

developed materials which cannot be stored for longer than one month as

their electrical and mechanical properties deteriorate rapidly

(Hartsgrove and Kraszewski, 1984). The tissue-equivalent materials

simulating muscle, average tissue, brain, bone and lung suitable in the

frequency range from 100 MHz to 1 GHz are presently available

(Hartsgrove at al, 1986).

Computer programs which have been developed provide not only

control of the experiment and data acquisition, but data normalization

and averaging, variety of SAR calculations (e.g. various average SARs),

data extrapolation, comparisons with theory, where applicable, and

plotting. Plotting can be done in various formats: standard x-y plots
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3-D plots, and cross-sectional plots showing lines of a constant

parameter (e.g. SAR 1 I/kg)

ENERGY DEPOSITION IN THE FAR-FIELD

The far-field measurements were performed at three frequencies,

160, 350 and 915 MHz, for two polarizations (E and H) and at one

frequency (350 MHz) for three (E,H & k) polarizations. Local values of

the SAM were determined in approx. 650 points within a half of a

homogeneous model, with the test-point grid denser in the head and

torso than in the limbs. Average SARa for the body parts and the

whole-body were calculated from the measured local SARs.

The spatial distribution of the SAR is highly non-uniform, with

the SAR typically varying within three or more orders of magnitude.

Very large gradients occur along the direction of wave propagation, and

much higher SARs than the whole body average are produced in the nack

for the E polarization at 160 and 350 MHz (Kraszewski et al 1984a,

Stuchly at al, 1985a, 1986b).

At all frequencies an exponential decay of the SAR in the torso in

the direction of wave propagation was observed. The attenuation coef-

ficient was equal to that of a plane wave propagating In a semi-

infinite slab having the same electrical properties. This finding is

important as it indicates that the principles of geometrical optics can

be applied to easily calculate the SAR distribution in the torso at

frequencies lower than previously expected. Therefore, simple calcul-

ations can account for tissue layering in the torso, i.e. the skin,

fat, bone, muscle, etc. at frequencies above 160 MHz. At frequencies



-4 -

above 900 MHz such calculations apply also to the head and legs

(Stuchly et al 1986b).

The neck-head region has a complex geometry and because of it SAR

distributions are highly non-uniform and frequency dependent. For

instance, at 160 MUz SAR = 1000 mW/kg in a tissue slab across the neck

4 cm thick, compared to the whole-body average SAR % 100 mW/kg for 1

mW/cm
2 

incident power density in the Z polarization. At 350 MHz SAR a

400 mW/kg in the center of the neck, while the whole-body average SAR 2

40 mW/kg for I mW/cm
2 

incident power density in the E polarization.

BetweeL, 160 MHz and 350 MHz about 2 to 3 times greater rates of energy

deposition occur in the head than the whole-body averages (Stuchly et

al 1986b).

A comparison of the results of our measurements with theoretically

predicted SAR distribution in a block model of man consisting of about

340 cells (details in the previous report - May 1984) shows that the

block model does not provide adequate data on the SAR distribution,

even approximately, at frequencies equal or greater than 350 MHz.

Differences by a factor of 10 to 20 are typical. Such general features

as for instance an exponential decay in the torso is not predicted by

the block model. On the other hand a relatively good agreement between

the theory (block model) and our measurements was observed for the

whole-body average SARS. However, such agreement cannot be claimed for

the averages calculated using spheroidal models for the H polarization.

The measured average SARs are higher, likely because of a large part of

energy being absorbed i:* the legs and therefore spheroidal model

approximation having apparent limitations (Stuchly et al 1986b).
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ENERGY DEPOSITION IN THE NEAR-FIELD

Measurements were performed at 160, 350 and 915 MHz for typical

representative antennas (simulating portable transmitters and leakage

fields), such as resonant dipoles, resonant dipoles with reflectors and

resonant slots, and at about 150 MHz for a monopole antenna monitored

on a box simulating hand-held transmitter.

All antennas were designed to be well matched in free space and

with the human model in close proximity. The antennas were placed at

distances of about one tenth of the wavelengths, either close to the

neck-head for exposures simulating leaky transmitter cabinets (slot

antennas).

At all frequencies and for all configurations investigated energy

deposition was concentrated within a limited volume of approximately

one tenth of the total body volume. The spatial distribution of the

SAR was highly non-uniform, even more than for far-field exposures.

The maximum local SAR were between 30 to 250 times greater than the

whole-body average SARs depending on frequency and antenna confi-

guration (Stuchly at al 1985a, 1986b, 1986b).

Similarly as in the far-field, the SAR on the antenna axis decays

exponentially in the direction of propagation with an attenuation coef-

ficient very close to that of a plane wave in a homogeneous half space.

This conclusion does not apply to locations off the antenna axis and

for antennas closer than about one tenth of thr. wavelength from the

body surface.

For the E-polarization there is a tendency for the maximum SAR to

shift toward the neck region, if the antenna is nearby that region,
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otherwise maximum SARs are produced at the antenna axis (for homo-

geneous models).

The SAR pattern depends mainly on the antenna type, position and

polarization, the whole-body SAR is basically determined by the antenna

gain and its distance from the body (Stuchly et al 1985b).

A comparison with the theoretical predictions for the block model

of man consisting of 180 cells was made for a dipole in the E polari-

zation at 350 ,Mz. The average whole-body SAR3 were found within less

larly as in the far-field, the exponential decay of the SAR was not

predicted by the theory. Relatively large differences, of an order of

5 to 10, were found between the SAR averaged over various body volumes.

This comparison again underscored the inherent limitations of the theo-

retial analysis (Stuchly et al 1986a).

IMPLICATIONS OF THE FINDINGS

Far-field Exposures

At frequencies above 160 HMHz, in spite of large SAR gradients,

local values of the SAR are only about 20 times higher than the whole-

body average SAR for homogeneous models of human body. However, an

additional incrage by a factor of 4-5 can be anticipated at interfaces

of high water content tissues with air (gas) pockets and low water

content tissues. The latter is based on investigations of simple hete-

regeneous models. The existence of large gradients and high local

SAls, as confirmed by our results, further supports an accepted view

that biological effects at relatively low average SARs are due to

V5
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thermal interactions. This is particularly important at frequencies at

and near the resonance frequency for a given species.

For humans, high SARs occur in the neck, and the ratio of the SAR

in the neck to the whole-body average increases with frequency. Our

investigations suggest that below 160 fHz, high ratios may occur.

Presently, available theory offers little guidance in this respect, as

the block model calculations have been shown to be unreliable for

determining SARa In relatively small volumes (Stuchly et al 1986b).

Near-field Exposures

Based on the experimental findings we believe that because of the

spatial pattern of energy deposition, the whole-body average SAl is not

an adequate dosimetric measure for near-field exposures. For assess-

ment of potential hazards and derivation of exposure limits a quantity

such as the SAR averaged over 10% of the total volume or mass is sug-

gested as a more adequate quantity. Furthetc.re, because the pevk to

average SARa are of the order of hundreds, if only the whole-body-

average SAR is considered in establishing safety limits, potential

problems may arise from high SARs in crucial locations, e.g. the eye.

For instance, the ANSI standard exempts all portable transmitters

having output power of 7W or less below I GHz, out a dipole antenna

with a reflector deposits about 15 W/kg close to the body surface for

the output power of 7W (Stuchly et al 1986b).

Similarly for the far-field, presently available theories do not

provide reliable data on peak SARs or SARs averaged over limited size

volumes (Stuchly et al 1986a).
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REMARKS

I. The greatest difficulty in the project was due to the poor

quality of implantable electric field probes that are available commer-

cially. The probes are expensive and of limited capabilities, e.g. low

sensitivity at lower RP frequencies for a reasonable size (diameter not

greater than 1 cm). Some probes, such as Narda 2608 are extremely

fragile and susceptible to mechanical breakage and deterioration due to

high ion concentration in the tissue material in which the probes are

immersed during the measurements.

In the later stages of the project the situation became particu-

larly critical, as all available EIT probes broke due to aging of the

high resistance lines. Our poor experience with available probes has

led us to development of a new design. The new probe has been manufac-

tured and is presently undergoing complete characterization. The probe

operates in the frequency range 20-500 MHz, and has a diameter of I cm.

2. A unique experimental facility has been established, which is

suitable for 3apping electric fields inside and outside dielectric

bodies. This facility is likely to remain fully utilized for further

studies of RF energy deposition in models of biological bodies. In

particular, studies of heterogeneous models of man and practical

portable transmitters are under way. The facility is also suitable for

electromagnetic compatibility (LMC) studies. The electronic circuitry

is suitable for measurements of weak electric fields ( I V/m).

3. A computer controlled scanning system developed provides a

viable method of measurements of the electric field strength or the

specific absorption race (SAR) in models of biological bodies. The
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method can be used in both the far-and the near field of RP radiation

sources at any frequency for which suitable probes are available. This

method has several advantages when compared with other experimental

methods as thermography, although it is not devoid of limitations as

analyzed elsewhere (Stuchly et al 1986b). Experimental methods provide

viable alternatives to assess the spatial pattern of the rate of energy

deposition in biological bodies in those cases where theoretical calcu-

lations are not available. Unfortunately at the present time, accurate

methods of SAR computation are not available for most of the practical

exposure situations at radio frequencies. V



- 10 -

Publications, Thesis and Presentations

1. G.W. Hartsgrove and A. Kraszewski (1984), "Improved Tissue-

Equivalent Materials for Electromagnetic Absorption Studies",
Proc. BEMS Meeting, Atlanta, GA, July 15-19.

2. G. Hartsgrove, A. Kraszewski, A. Surowiec, "Simulated Biological
Materials for Electromagnetic Absorption Studies", submission to

J. Bioelectromagnetics.

3. A. Kraszewski, M.A. Stuchly, S.S. Stuchly, G. Hartegrove and D.
Adamaki (1984a), "Specific Absorption Rate Distribution in a Full-
Scale Model of Man at 350 MHz", IEEE Trans. Microwave Theory
and Tech., Vol. MTT-32, pp. 779-783, 1984.

Y
4. A. Kraszewski, M.A. Stuchly, S.S. Stuchly and G. Hartsgrove

(1984b) "Specific Absorption Rate Distribution in a Model of Man
at Various Polarizations", Proc. 1984 International Microwave
Symposium Digest, San Francisco, May 30-June 1, 1984.

5. A. Kraszewski, MA. Stuchly, S.S. Stuchly and G. Hartagrove
(1984c), "Specific Absorption Rate Distribution in a Model of Man
at 350 MHz", Proc. 1984 BEMS Meeting, Atlanta, GA, July 15-19.

6. A. Kraszewski, S.S. Stuchly, M.A. Stuchly, G. Hartagrove and D.
Adamski (1984d), "Specific Absorption Rate Distribution in a Model
of Man Exposed in the Near Field", URSI/BEHS Symposium, Florence,
Italy, August 26-29.

7. A. Kraszewski, S.S. Stuchly, M.A. Stuchly, G. Hartsgrove and D.

Adamki (1984e), "Specific Absorption Rate Distribution in a Model
of Man Exposed in the Near Field", BEMS Meeting, Atlanta, GA, July

15-19, (Abstract).

8. A. Kraszewski (1985a) "Electromagnetic Dosimetry in Full-Scale

Models of Human Body", Proc. 1985 Intern. Symp. Microwave Techno-
logy in Industrial Development, Campinos, Brazil, July 22-25, pp.
377-380.

9. A. Kraszewski (1985b), "Mapping the Internal Electric Field in
Models of Biological Objects", Proc. XV Europ. Microwave Conf.
Paris, France, Sept. 9-13, pp. 649-654.



10. A. Kraszewski, S.S. Stuchly, M.A. Stuchly and G. Hartagrove
(1985c), "Energy Deposition in a Model of Man; Frequency Effects
in the Near Field", BENS Meeting, San Francisco, CA, June 16-20.
(Abstract)

11. S.S. Stuchly, M. Barski, B. Tam, G. Hartsgrove and S. Symons,
(1983) "Computer Based Scanning System for Electromagnetic Dosime-
try", Ray. Sci. InstruM., 54 (11), pp. 1547-1550.

12. B.S. Stuchly, A. Kraszewski, M.A. Stuchly, G. Hartagrove and G.H.
Wong (1984a) "System for Measuring the Distribution of the
Internal Electric Field in Models of Animals and Humans", Proc.
1984 IEEE EMC-S Symposium, Tokyo, Japan, October 16-18, pp.
380-382.

13. M.A. Stuchly, A. Kraszewski, S.S. Stuchly, G. Hartsgrove and D.
Adamaki (1984b) "Dosimetry In a Full Scale Model of the Human
Body", Proc. 1984 IEEE-EMC-S Symposium, Tokyo, Japan, 0Otober
16-18, pp. 383-387. (

14. M.A. Stuchly, A. Kraszewski and S.S. Stuchly (1984c), "Implantable
Electric-Field Probes - Some Performance Characteristics", IEEE
Trans. Biomed. Engn. Vol. BME-31, pp. 526-531.

15. M.A. Stuchly, A. Kraszewski, S.S. Stuchly and G. Hartsgrove
(1984d), Distribution of Radiofrequency Energy in a Model of
Man-Experimental Results for a Model of Man", Proc. URSI/BEMS
Symposium, Florence, Italy, August 26-29.

16. M.A. Stuchly, A. Kraszewski and S.S. Stuchly (1985a), "Exposure of
Human Models in the Near and Far-Field- A Comparison, IEEE, Trans.
Biomed. Eng , Vol. BME-32, pp. 609-616.

17. S.S. Stuchly, A. Kraszewski, M.A. Stuchly, G. Hartagrove and D.
Adamski (1985b), "Energy Deposition in a Model of Man in the Near
vield", Bioelectromagnetics, Vol. 6, pp. 115-129.

18. M.A. Stuchly. S.S. Stuchly, A. Kraszewski and G. Hartsgrove
(1985c), "Energy Deposition in the Hunan Body from Radiofrequency r
Radiation in the Near-Field", TInnov. Tech. Bio. Med., Vol. 6, pp.
5 55-566.



* 12
19. M.A. tuchly, A. Kraszewski, S.S. Stuchly' and G. Hartagrov:

(1985d), "Energy Deposition in a Model of Man; Frequency Effects

16-20. (Abstract).

20. M.A. Stuchly, R.J. Spiegel, S.S. Stuchly, and A. Kraszewski
(1986a), "Exposure of Man in the Near-Field of a Resonant Dipole:
Comparison Between Theory and Measurements", IEEE Trans. Microwave
Theory Tech., Vol. MfIT-34, Jan. 1986 (in press - accepted).

21. S.S. Stuchly, M.A. Stuchly, A. Kraszewski and G. Rartigrove
(1986b), "Energy Deposition in a Model of Man; Frequency Effects",
IEEE Trans. Biomed. Ea., Vol. BME-33, (in press- sccepted).

22. M.A. Stuchly, 5.5. Stuchly, G.W. Hartagrove, J. Markowski and A.
Kraszewski (i986c),"Istrumentation for Measurements of Electric
Fields at Radio Frequencies", Proc. IEEE/IMTC'86, Boulder, CO,
March 25-27.

23. G.H. Wong (1983), "Specific Absorption Rate Distribution In Simple
Geometrica~l Bodies at Radio Frequencies", M.A.Sc. Thesis,
University of Ottawa.

24. G.H. Wong, S.S. Stuchly, A. Kraszewski and M.A. Stuchly (1984)
"Probing Electromagnetic Fields In Lossy Spheres and Cylindere",
IEEE Trans. Microwave Theory and Techn., Vol. MTT-32, pp. 824-828.



REPORTS SUBMITTED

RESEARCH GRANT No. N00014-82-G-0011

1. Progress report: period December 1, 1981 - May 31, 1982

2. Aninual report :period December 1, 1981 - November 30, 1982

3. Progress report: period December 1, 1982 - May 31, 1983

4. Annual report period June 1, 1983 - May 31, 1984



SIXTH ANNUAL MEETING OF THE IiIOELECTJIOMAGNHTICS SOCIETY
ATLANTA. GEORGIA. JULY 15.19. 19841

AB3STRIACT SUBlMISSION FORM I

FIRST AUTHOR'S IMAILING ADDRESS: I Pleasecheck proferencelror N

N \ame M~r. George llartsgrove,mehdOprsnai:
University of Ottawa, Platform............!.0

* Address Electrical Eno. Dept.

city Ottawa, Ontario State Canada zip~il..6N5 Pse ............. S

First author's signature No preference ....... 0

Sponsored by - -(a BEMS member).I
Type abstract in space outlined below. Follow inslructions (see opposite side).

IM~PROVED TISSUE EQUIVALE14T 1AT4TRIAI.S FOR ELECTROMAGNEFTIC ABSORPTION STUDIES.
George W. Harts~rove, A. Krazcvaki, Department of Electrical Engineering, Univer-
sity of Ottawa, Ottawa, Ontario, Canada KIN 6NS.

Xterial having dielectric properties equivalent to that of the hnuran body are uled
In electromagnetic absorption studies. The formulas presently used are not stable
over an extended period of time. A new gelling 'agent in conjunction with a bac-
tericide has been found to greatly fiprove the stability of these mixtures thus I
extending their rosearch lifetime to several months. It has also been found that
sagar can be used instead of polyethylene powder (PEP) if a liquid form of the
phantom material is preferable.

'le

To assist in programi sched ul ing, please u nderline the catogor3 below ahich beat chara~teri zes the subject matter
of your paper.

Effects: Neurological Field perturbation
*Behavioral Physiological Hyperthermia

Cellular Sensory Instrumentation
De~elopmental Ultra-Ftructural Thorapeutic applications
ELF Diagnostic applications
Endocrine Dielectric properties Other: - _______________

Gtn'etic of biological materials
Hiematopoietic D Doiery
Immunological E~poaure systems *__________

Authors are requested to send abstr act and three (3) copies b) March 1, 1984 to

Don Justesen
Research Ser~ ice (151)
USVA Medical Center
Kansas City, MO 64030



El 12 TRANSACTIONS ON ICROWAVE TIILY Atil TTcHNIQLU. VdL iii.32 NO. S. AUGUST 19$4 I

Specific Absorption Rate Distribution in a
Full-Scale Model of Man at 350 MHz

ANDRZEJ KRASZEWSKI. MARIA A. STUCHLY. SENIOR MEMB3ER. IEEE. STANISLAW S. STUCHLY.
SENIOR MiEMBER. IEEE. GEORGE IIARTSGROVE AND DANIEL ADAMSKI

Abtoec-A eompluiff-cotrolled wnninif 'ilei and an Implantable resolution due to the small size of the models and a
tftlsIt tkodclefield probe hate bee" MIe to *Ma~in map~ of thi, piic difficulty in incorporating the anatomical structure into
abiclton rte tSAR) Iiun cm,11 %cmII% elof a fuit.%-Ae model ofuhasalmdl ovreli ulsaemdlo
me111C il modet -oi elpooed to &.1$.Itlt plane nuiethat1 prtouAsc salmdl.Cnesl. fafdwemdlo

aelolln ortentatios or the etuvi-fioid ecior %iub rec to the W6 nan is anatlyzed by thermography. %cry high intensities of
Tie finlii obtilod are in litne-u aereemeimn Mt maw puiifed the exposure field are required. These limitations have led
ilecellji and e~pernmetoa dala. The SAAR dismbinion t he I01. and to the use of tuo other dosimetric techniques on full-scale
bead nert In rtailsd) tod agreement %i111 e.Iindricel and SPise41a models of man.
modlet.. mpeetieti. Enhioneed absIseion to the neck aod iii, limb. j
pirrlousf4 found in ihe ibernnotisplde msetld n&. oreenc. ntis vW%* A noniperturhing temperature probe his been uwed to
IeslIdes oich more detiled Informion than preelooily iialtle. Out An measure the SAP. in a limited number of locations in a
obetote asituae ol t I . full-scale model of man exposed at frequencies of

1% 1.29 and 2 Gliz 1121, 113!, and models of other primates.
1. INRODUTIONAn implantable electric-field probe offers an aslternative

I.AERG spciao ption rt SR a tool for measuring the SAP. distribution and ha.s several
rJ~H AVEAGEspecficabsoptin rae (AP.)hasadvantages. In addition 10 being particularly suitable for

T bee exensielyused in quantifying interactions of mneasufrements in full-scale models, the measurements are
electromagnetic fields in the radio and mticrowavc frequency nor dependent on the thermal properties of the model
range with biological systems. The importance of the distri. material. Not oiily the SAR. but also the direction of the
bution of SAP.'s within the exposed system ;-well recog. electric field can be determnined. Measurenments can be
nized as an essential factor in quantifying ..zlogical cf. performed in very low exposure fields, which do not cause
fects. In recent years. numerous thseoretical methods have any increase in the model temperature. Furthermore, the
been developed for dosimetry. as reviewed elsewhee (11-131. data can be conveniently obtained for a %erq large number
Analyses of the so-called block model of man appear to be of locations when an automatic probe positioning ) stemn is
most promiusing in providing the SAR distribution [41-17). used.
Results of such analyses bav1. recently been also utilized in In this paper. SAP. distributions in a full-scale model of
calculatir g the thermal response of a man exposed to radio man exposed to a plane-wave at 350 MHz are presented.
waves (81. The data were obtained using a calibrated implantable

In view of the importance of SAP. distribution. it is electric-field probe and a computer-controlled scanning
essential ihat theoretical da,a are quantitatively verified system. The exposure frequency of 350 NMl-z was selected
experimeatally Furthermore. as the capabilities of analyti. because of the reported head resonance at this frequency
cal methods are limited in treating such complex structures 171 and the availability of SAP. data for the block model of
as biological bodies, experimental methods may offer the mati 114).
only viable means for studying the SAP. distribution in
models closely resembling the actual bodies under more 11. EX'PERIM4ENTAL ARRANGEMENT
complex exposure conditions (e.g., near-field exposure). A general vieCw of the experimental arrangement is shown ,
Thiere are three viable techniques for measuring SAP. dix. in Fig. 1. The system-except for the computer, the gener-

j tributions. A thermographi method h'as been developed ator, and monitoi~ng equipment-was placed in an
and successfully applied on scaled-down models 191-1111. anechoic chamber. An exposure field was produced by a
The main limiutations, of this technique are a limited spatial resonant slot above the ground plane. having gain of 4.87

* Maascrpirecsse Ocobe iZ.1.93. essed arc 9.194 at 350 MHz. The antenna was locaited below the phantom
Manucrit reeivd rtobc IZ1983 rmed uch .19 Mmodel as illustrated in Fig. I for the E orientation it e.. the

%ork %as supported by the Office or Navali Rtiecitch. (UJSA). ilhe electric-ficld vector parallel to the long axis of the body). or
%: Departmsent of Heasiih and Weitare Canada. and lihe Naitural Scencs andathesdoftepnom orhesoinaintc.te

Envoieerztx Research Counsui of Canada.attesdoftepnomorhe ritton(e.te
A. Kiawsacsi. S S 5S.whh. G flartssose. and D \sdarnsk, are sith wave propagation from head to toe, the propagation vector

the Deparirwnn of ElecinWs Eniptierng. Urasersay of Ottawa. Oitt'", parallel to the [(..g axis of the bod)). ofamcnil
M. .Sucly s %ththe Radiaiscn Protection Bureau. Health an The scanning aystemn was composedofamcnil

Welfare Canada, Oitasa. Onianso. Canada KIA 01.2 structure for supporting and positioning the probe and a

0018-9480/84/0800-0779$01.00 01984 IEEE
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(Si(b) (C)

,. Fig 2. Phantom model .of man-design ievtl. tat ptai m%,del o(r

. mu~m measurable electrtc-field intensitN. with a bsnal-to.
noise ratio of 10 and I.Hz bandwtdth amplifier. %%as 1.3

F I. E.tpcninmnal arrngt:inct fa) an.iti chamber. (h) amclina. V/m (SAR - 1.6 mW/kg).
(c) phantom model ot the human todv. (di toxual ¢Icl'nefidld proto.
and (c) mechanical struIurc (or supporting and posituonin the pebc. I11 RSULTS AND DICUSION

ro o e n d The SAR values at several locations Aithin the body in
computer system r control of the expenment. data three cross sections separated by 5 cm are shown in Fig. 3.
acqutsttion. storage, display. and recording. The probe Each data point is an average of at least fi'e (5) separate
could be placed at any location within a volume of 1.9X measurements performed on 'anous da)s and with various
0.5 '<0.45 m. The scanning resolution was 0.013 mm/step incident power levels within the linear range of the s.stenm
in each direction, and the position repeatability (uncer. operation. Fig. 4 shows the same data along two selected - .,
tainty) was ±00.0 mm. The probe could be moied at high axes. as indicated, in the cross section close to the body
speed with a velocity of approximately 12.5 mm/s. and at center. The bars indicate one standard deviation. In all

a low speed of 0.42 mm/s. The computer hardware and experiments. the SAR values were normalized to an inct-
software are described elsewhere [151. dent power density of I mW/cmr at a plane corresponding

diesillnsaof plastic model shown in Fig. 2(a) had to the body surface or point closest to the radiation source.
dimensions of a standard man. This plastic model was used When these data are compared with experimental data
to make a set of templates having exact dimensions of the available in the literature for scaled.down models at I
plastic model in various cross sections (Figure 2(b)). These 450 MHz 1111, it is seen that, despite the difference in the
templates. in turn, were used to prepare 15-cm.thick exposure frequency. there is good agreement. "Hot spots"
styrofoam layers, which were glued together to obtain a in our measurements are found in the neck region, with the
hollow phantom of man (Fig. 2(c)). This phantom was SAR values ranging from 86 to 196 mW/kg in the plane
filled with a mixture of water, sugar, and salt in such -10 cm (corresponding approximately to the bod)
proportions that it had the following electrical properties: center). These data can be compared with a maximum of
1'- 38 and a - 0.95 S/r. These properties correspond to 120 mW/kg in the center cross section for exposure at
the tissue average properties at 350 IHz. The mixture had 450 MHz (111. Similarl) in the legs. the maximum SAR
a relatively low viscosity, which facilitated penetration of values are 110 and 147 mW/kg in our measurements and
the probe, at 450 MHz [111, respectively. It appears that the location

An implantable triaxial electric-field probe, model EIT of the maximum SAR in the legs is somewhat different at
9791 was used to measure the electric-field intensity. This the two frequencies. A hot spot, of somewhat smaller
probe was previously fully characterized in terms of Its intensity than at 450 MHz 1111, was observed by us in the
sensitivity in tissue phantom material, noise, and modula' arms This may be due to a difference in the arms articula,
tion characteristics 1161. To improve the signal-to-noise tion in the two phantom models.
ratio, and therefore the dynamic range of measurements. A general qualitative agreement can be observed be.
the radiofrequency signal was amplitude modulated at tween our data and the theoretical calculations for the
516 tHz and a high.gain narrow-band amplifier was used at block model (141. However. there is a significant difference
the output of the probe [161. The probe sensitivity in the in the quantitative SAR disibution. the locations of the
tissue phantom material was 2.1 iiV/(V2/r:), and the hot spots, and the maximum values of the SAR. The most
estimated calibration uncertainty was ± I dB. The mini- likely explanation for the observed differences is that the

shapes of the block model and our phantom are signifi.
'Manufactured by Electronic InstinmeoaIMon and Techaoog I, cantly different aid the torso of the block model consisted

Sterhng. VA -1170, USA. of a relatively small number of cells. In particular, there are
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(cetarea-48 cmt from the top of the bead): frequency 3!0 MtHz.

fig. 4 Specific absorption rate (SARI distribation along the man- model tively small volume. The deposition of energy at the body
ighi for two cross secuons. I mW/cm2 incident power densty on be Surface wathisi the torso was also observed thermograplti.

surfacti of the modeL frequency 3$0 WEEZ It L. k back to front. cally at 450N'T2.j111.
-10 cm (see Fig. 3. fur :dcsansuon A relatively good quantitative agreement between the

calcullated values for the block model 1141 and our data was
only two to three layers of cells in the block model, and our observed (or the arms. .
'measurements indicate a raptd decrease of the SAR in the Fig. 6 shows the SAR distributions across the chest at
torso in the direction of the wale propagation (compare various depths. Symmetry of the ditmbutton within the
the SAR values at the same point for the thee cross uncertaunty of measurements is observed for the center axs
sections : in Fig. 3). of the body. This is an expected result, confirming that

A rapid decrease in SAR values within the torso as a measurements of the SAR within half of the body are
function of distance from the radiation source is further sutffiint.
illustrated in Fig. 5. Since the SAR change is very rapid. The SAR distributions in the head of our model are
values averaged over large size cells in the block model are shown in Fig. 7 for two orientations of the incident field
obviously significantly different from those measured by with respect to body. Corresponding calculated SAR
the implantable probe, which provide averages for a cola- distributions in a 16-cm-dtameter sphere filled with the
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be fclsfor the block model, particularly in terms of

layers (2 layers 171).
ACKNowLEDmENT

/ - -- D6s 0. P. Gandhi and!1. Chatteijee from the University of
N 3 L..:--ii- Utah. Salt Lake City. and stimulating discussions 011th

..M .... C. Dr. D. HIl from the Canadian Department of Defence are
greatfully acknowledged.

* ' Ill~(1 C. K. Dsue. "Eleciromslns oier for modcts of human
- ansd animals: A reslen orfhorss = and nmncal Itdinique)

.W ~1 . A. Stuelly. "Dosimetiv of radio requemc and am,reviaie

radiation: Tl'lsoreiical ams% se)," in 81olsrcl Efkic and Dmmnvira

p-.. ~ .. ~..e.-sNew York: Plenum Publishisng. 1983. pp 163-177.
ft. 7 Siscificasoriain rteISA) dstrbionin the hed.feqsento boadia irradiated by EM waves up to S0CO H J.ta .V'.icsati

3 0 %IHtin deni po sr r niivl I £c 4 a mL.b) k L The Ponw ervol. t2.pp 173-183. 1977.
dashed [am-hwtecluae A na1-mdaetsaee I . "Itiernal LM fields and absorbed poser denim* ini human

samephatommateialarealsoshon fr Coparson It161 X4 J. Hapsno. 0. P. Gandhi. ad C. St. Durrney. 'Nuacl

can be noted that the overall shape of the curves is similar. calcuatison of ctria'mstntcticnrgy depoition for a realistic model
of am:'s IEEE Thou 'Icfftevie MaThech 7.. iol. %M-217.

however, the quantitative results ase not surprisingly differ- pp $0-1917
ent. in view of the actual shape of the hsead. The SAlt 171 X 1. Hagmanam. 0 P. Galt. J. A. OAndres. Wn I Cliticrirfe.

distribution in the head appears to be significantly dfe' "Head resnance: ~Nihenctl soltison aid cnpcnmental reultt.

ent than that for the block model of man (141. However a IE ra.M mv h7Tc.vt r-1 p8963

detailed analysis, which is outside of the scope Of this (8) L J.Spire-el. Te temal rsponse of ahumnan itthe ner-toi o!

paper, would be necessary to compare the results. a resonant tila.-ait anienna.' IEEE Tnram. thcs~matt P"o.
Tach vol 34T.3. pp. 177-185. 1982.

IV. CONCLUSIONS 191 A. W. Guy. 'Analysts of eleetiomarei fields induced in biotoV. I
eat sssies by ihenno~apesptennds in ewalent phsantom mid.-~

Measurements of the specific absorption rate ISARt) IEEE Trns. Mfeanat Theasay rekh M sTN pp. ' 05-2t14. I

distribution for a full-scale model of man filled with a 11 .~Gy 4 .Wb.adC . oesn Dsrusino

* phantom material having average tissue permttivity, were power absorption in min exposed to hlgjs frequency etectirag-ers.

performed at 350 MHz for a far-field exposure. Use of a fields by tierniograpic;easunrements on real models." IEEE Tios
Ssu0ees Eg. %o. BME.1.p 6-7.57

computer-controlled mechanical scanning system and an 118. pp 361y-3o7i1un rdat~ .1smes ad76 eaco

implantable isotropic electric-field probe provided a good in Poor. A CGIIf To'pcal Smp. Nov. 26-23. 1979. pp 75-t01
spatial resolution, ass excellent reproducibility of results of 1121 It. G Mens. 'Preaitunay sudies. Far.fitid microssas dossmoc

±0.5 d B, and a good absolute uncertainty of ± I dB. The vole. t of, M fn3-38.c97 oelo9 ~ . JlcnnwPs

measurements were fully automated And, after proper 1131 .. "Far.fleid dosaieiic measurements in a fun-sued Mark

calibrations and preparation, a large number of data points model at .0 GUe." Bioaectsom.'n. vol 3. pp 433-41t. 1982
.~. wee cnveietlyobtine. 141 a. P. Gandi and I Chaiiei~ee. priae communication. 1983

weAt aonveniently ofb350nMd. aIeeal nneoat1151 1S SStucly. X4 Baus., I. Tsm a Hatapose. and S& S~anons,
At afreueny o 350M~z A eneallynoaesoant "Compaier-bused seatumnr system for eleetromutnetic dosimcss."

behavior of the human body with maximum energy ab" Rev. Scs Ina. Novt 54. no 11. psp 1547-155a). 1953
sortio atthesufac onwlselthe radiations is incident 116I X. A. Sindily. A Kesevisli. sod S. S, Smelhly. -Implantable

wsrton t rme Tsconclson toch electice field probes-Som performance characienstics." IE 0
wascot mcdThs oncusondid not. hovever. apply to Tramu BSimned Ens, vol. BME-31. 1904. pp 5.16-531. July 19b4

the hr J, neck~. and the limbs, where more Aomplex distri- .~

'* butic: i of th-, SAR wtit observed. nnjKw*Masbmifhn.Pond

Ot.r expv-rantental data were in goPa agreement wihon April 22. 1933 He rceised the Sf Sc detrer r

rported expcntmeiLA result, at 450 Witt obtained by the in cleecuscal enVnreflti from the Teciloical Lau.

thcrmograph.-c technique (111; however, only a few features verauty of Warsw. Warsaw, Poland. in 19$8. sod

of the distribution could be compared. thde 0DSc. detre in techicaul sciences from thePolish Academy of Scines. (PAN). Warsaw. in

General qiualitative agreement with theoretical data for 1 1973
the block mudel of man 1141 asppears to exist; however, our ~ 5~ Betnm in 1953. he was esnylosed 31 the

daaaesgiiatydifferent, particularly int the Tetecominoncataon Institute. Warsaw. in thefe
daa aehgifcnle~ search and deseloymeni of mcrowave coo'yo.

head-neck region 17]. Most likely, the differences are due nientsa nd system Beinning in 1963. he joined



KlAS5rWMtt OLa: SAft tstoSTUIUON INi A FULL-SCALE MODEL. OF M(AN TA R

UNIPAO Scientific Instrumns. a tubsidtav of the Poltib Academy of tislw&Sch 01 SM2-&Kmn
* Sciences. as the Head of the Microwase Laboratori Starting in 197:2. he - ~ Lwow. Polatnd ont Noinher 20. 1931 He re-

was Manager of the Mitrowaove Department of WILMER Initrment. , civd the 8 Sc. degree from the Technicall Umt
Ad Measurements, a %ubsidliary of the Polith Academy or Socienees in nensity. Olowice. Poland, and the M.1Sc degree

Wursw. where he codoeloped mitcoa~csetruments for mmture-con- from the Wmara Teuhnisil nissr'it%. both in
Woteoasuretnfs and cotrol Since Nkseibeir 1990. as a Visiting 4..electrical enigineetng. in l451 and 195$. roce.-

Pfessor at the Utiernty or Ottawa. Cana"a he haa been en * ed inimely. and the PhD degree from the Pot .6
rsarch or interactions between ditelercs and elctromagneti .7%.sli Academ% of Socncet Waor., Poland in 1%\so

ts the anthor or oncral booha on mierowase theom and tehies, has .' Vw., Prm 1953 to t94 hc isa.' 4 Rctth En.
published more than NO5 technical papers on the suject and hi"1 INA~ vneer in the Indtwtl litititute for Tdeom-
patents. He ecieti scera professional awards, amongo them the State municition. V.. Po'land From 149t to

'A Ptze in Science in 19Mi 196). he %as wtth the Warsaw Technical tser~iis In 1f*t, hc, jotned
01 Dr. Krouaacsla is a member of the International Microwase Power UNIPAN-Sccntifi frnitnitnnts, sulisdiars of the Poli-h Asaiicns of

AInstitute, the Polt'h Elcictans A&ssoto. and is a member of the Sciences From 1970 ti 1976, he %a., wtth the Unisersit of 'slanitoba.
Editortal Board of the Journal O' .hfcrowuve Pout'. Wiampeg. Canada. Since 1977. he has been %ith the Vntcrt of

Ottawa. Canada. where he is prmenuvls a Profe,..i of elixtrtcal engier.
ltg

ijQ Ckente Hvttroi ota ub Nrn in Brantford.

I Ontanci. fromda "nMar~h 2.1 141 He

Warsaw Technical Untierstir and Polth Since 1976. he N., teen insolsed in bioclec.
Acadesny ofSine n162ad17.rpc tma ric arub at the National Recearch Fi

From 1%62 to 1970. she was emphwved ass a ConiOn.Nw 1 tte niriso
Engieer tubidta7 oftheOttawa. Decpartmnt of Etnal Engineerng

Polith Academy of Soieee. in Wama. Poland
Betwen 1970 and 1976. the was engaged in I

research to the field of microair instruitt.
11ion and measurements, and MItCIOWae powerf

aplcations at the Deparments of Electrical Engineering and PondJ Dutiell Adantil was horn in Sudbuts. Ontario.
Sence atthe Urmersit) ofManioba. Since 1976. the has heen with the - Canada. on Nosember t 190. He rectiecd the

Noo.Iortiting Radiation Section. Radiation Protection Bureau, Health B Ake degree in efe~tri~al engineeriong from the
,:4 and Welfare Canaa. where the is responsible for the development of ''m.:i ttient of Ottawa. Ontario. Canaida 0 '.

microwave radiation protection standards and caris out research in the Prom 1992-1983. he wam a Research Enponeer
field of biolopic~l effects of microave radiation. She uo also nsonresident with the Umserst) Of Ott3aa where he par.
Professoor of electrical enigineenng at the Un~usty Of o thea Bire.Utipated to the impcementaiion of a dotimettrv

Dr. Stuchl) is a memnber of the Board of Dtretotn of th oIabioratoey. He is currentls pursuing the M,. Sc
tromugactics Scoctet) and a member of the IEEE Technieal Committee of degree at Electrical Engineecring at t Umtersity
Man and Radiation. of Ottawao.



spECIFIC AMI0VO PATE DISTRIBU'TION lIN A MOOSV Or MAN AT ViRICOJS POLARIZATIONS,

A. iKrasewsiz, M.A. SCUChly!I, S.S. Stuchiy cod C. ltartsgrovo

Odpartswint of Elct ricei 1, Lineein'tnilvers Ity at Ottaws,
Ottawa, OtAria%,IN W5. n4 1)Pjdlstlon proection l14au?,i

Hesih'an Vd~~m;C~'a

ABUThACT furthermore. the date can be. ,oeveaiealttitahe4d.
for £ very Uag numbier of Iccatemoalms af

A tCmpter'beoed eccoto system cod, autematic prohepeiletin spates~ is ad."

IspisntobloeattrIt field probs womere s .0 t -Ini Chic p4poF we pceeeot tbo cate h
obtain saps.oefthe opecifict410eerptiffl'r~te (SAR) R 1ttibstw:e meoecreemao go_*:- foll-6i4le
to varia. Cremee-ictions 4141f . 841 fal-tlee 1~ of sel. of moo aaa t lsewve 350,106s.
lb.bo~hmm body. %:i model wac tpe n" ao~pla8 The date was obtained, waieg a calibretod
wave at 330 lil At 'Vold it peictoa-wt toptestable electric, fMY Prebe WAd -'.emwterv.
respect to'gt body. taocotcabherptloa to the Qoatrtledl $catli syctem. 1 T e two"e
ckt and 'the U1516%s., 'previousaly fooad by the *frequency of 350 ,Nwb stte'bcaeo the
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The Gaeae epecifte absorption rate (S&R) *qaIPocot. wee placedl to ea-acse chambher. 'Ac
VA. he.11 94ced IN' jaatife tftot~CIOcs Of' copacare field we produced by a reonoant dipole
cloctramedoetic fields- with biotodlcal- systems at Weove the' grond s place. Tho dipole, woe located
T4d19 eod mltrewaoo frequoacies. The teprtwac below the model for the 9 palariactIec (i.e. 11the
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1119cto iseml retotocd 44 cll essential factor the ba.Iy).-or at'the aide of -te odel~ for the it tow'
quancctifying resulting biological fepoaec,. Ilk poyetiosatm (I.e. the weve Prepgte fehe

recent year numerous theoretical inothisd have to toe,.cise- propagatoo vector parallel to the
bo developed - for de006otrY, cc reviewed long hats of the body).
elsewhere (i). The analysis of the eo0 catted mei otassim spot"e Compoed of a mechancal

blycks model of ae appecrs to bemost Pr~dIfi to structure for sapflu a petoco fthe
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properties of the- model material. Not only -Ch* Resulits and Discussion
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(a) and (b) for the S and kt polarizations, are fully Atomated and aftee proper calibrationa

repectively. tEach data point to an average of at a,4 pepaaton. 4 lag nmber af data points can

least it" separate eaarements. In 4lt $XPCri- he conveniently obtainad without operator's
seats the SAMa %ere narealinad to I RO/Cem Of an asssane.
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Otr experimental data vera Also tampared with significantly froo the values at the lacal SPA1:1'
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4model of san (410. Significant differences Particularly large differences octar ts the head
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relatively small voloms of About I c- . the calls profsof esroinnlieolastone of the tbgoretital
In the hlnck model Are suth larger. ),10 to ).* aalysis of sleptified sadels at mN is terme of
Sos4"eet the observed diffarences are of an order the distribution Of Oaf-BY. oat resells also
af magnitude or sate , and are likely to he do" to clevarly indicate the significance of obtaining *.
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propagation. The distribution of the SAR in the head does not exhibit any
significant maximum in the center as predicted by calculations for "the block
model", but resembles the SAR distribution in a lossy sphere of the comparable
diameter. For the wave propagation from head-to-toe the distribution of the SAR
is also highly nonuniform with a maximum at the top of the head (close to the
source) and with a smaller maximum in the neck region. The highest local SAR
occurs in the shoulder region.
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7.1 ENERGY ABSORPTION IN THE NEAR FIELD-
EXPERIMENTAL RESULTS FOR A MODEL OF
MAN

A. Kraszewski, S. Stuchly, M. Stuchlyf
G. Hartagrove and D. Adamski
Department of Electrical Engineering
University of Ottawa, Ottawa, Ontario,
KIN 6N5, Canada
$Radiation Protection Bureau, Health and
Welfare Canada

Distributions of the electric field and the
equivalent specific absorption rate (SAR) in full scale
models of man exposed in the near-field of linear and
slot antennas at a frequency of 350 MHz have been
measured. A computer-controlled scanning system and a
calibrated triaxial electric field probe were used. A
full-scale styrofoam mold of the human body was filled
with equivalent "average' tissue material and exposed
in the near-field of an antenna located 8 cm from the
back of the model with the feed point in the sternun
region. For the F polarization and the dipole antenna
the maxitnu, equivalent SAR is located! in the neck
region above the feed point of the antenna. The
distribution of the equivilent SAR alhon the direction
of propagation at the feed point leveL exhibits an

* exponential decay with large values of the SAR on the
surface (over tW/k/W). It hat a1s boen found th-t
tha maximum equivalent SAR on tne axis of the model foo"
the E polarization was twice as laree as for the II
polarization (110 mW/kg/W and 60 mW/kg/W,
respectLvely). For the slot antenn.i and E polarization
the maximum SAR occurs at the feed point of the
uiutenna. We have found that the near-fiold
distributions of the SAR are highly no't,uniforv with
-igh values on the surface of the exposed model. It ii
evident, that in order to asses a potential health
lazard from exposure In the neir-field a dtailed
experimental mapping of the SAR distribution is
necessary.
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Since it is difficult to calculate exposure to a man from portable transmitters,
the specific absdrption rate (SAR) was measured in over 500 locations within a
full scale model of the human body. The model was exposed to a resonant dipole
radiating at 350 Hz, located 8 cam from the body surface parallel to the axis of

the body with the feed point in t e neck region, The SAR was measured within a
tissue volume of less than I cma, The local values of the SAR exhibit an
exponential decay with a maximum at the body surface, except in the neck and head
regions. In the head the maximum is at the surface, but the changes inside the
head are very slow. In the neck, after an initial exponential decay there is a
small increase in the SAR. The maximum close to the neck surface is 0.6 W/kg for
1 W input power to the dipole. The SAR averaged along the direction C
perpendicular to the body axis shows large variations along the main axis of the
body. A relatively broad maximum (0.18 V/kg for I W) is located in the neck-
shoulder region. This is in qualitative agreement with the calculated data for
200 MHz (Spiegel, IEEE Trans., vol. MTT-30, 1982, p 177),
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ELECTROMAGNETIC DOSIMETRY !.,FULL-SCALE MODELS OF THE Hmvi' ODY 4 ,2
A. grabzewski

Dept. of Electrical Engineeiirg, University of Ottawa
Ottawa, Ontario, CANADA KIN ()N

Abstract. 'In investigations of biologicalI effeett, of electromagnetic waves it
is essdntial to identify spatial distributions of the electfrie fields, induced
inside exposed bodies. A computer-controlled system has been deve'loped and an
evaluiation of the implantable electric-field probes has been performed which
subsequently were used to obtain maps of the electric f 'ield induced in various
vross-Lsections of a full-scale electrlcailly-equlvalent models.,of man. Soe
results from exposures in the near-fleld aind the far-fleld of resonant dipoles
and slets, at frequon4:ies from 1610 M11z t,, 911) 'I111zr~ presented in the paper .

:nLroduict Ion%
:ntv ract ions of elvctronagnutLv (10,1b with biological tissues and bodies

% . are . r rI vx function-of nuiaerous parameters. Mhe intensity of the inteinal
-1dl~ induced it Jlao biologl..al bodies dt-pends on the paramoers of the'exter-

na. tvhd, the -r~..uency. tht: intensity, direction and polarizition, as well
.±s on the size, hpeand the dielectric properties of the exposed body.-~As
the magnetic permeabilty of tissue is practi~ally equal to that of free
spiice, all known and anticipated interactions occur through a mechanism invol-
ving the electric field. Therefore, the electric ffeld-vector or its distribu-
tion throughout the exposed body provides a full description of the exposure
lield-oody interactions. The main objective of ulectromagneticdosibetry is
to quantify these interactions.

A dosimtric measuire that has been widely adopted is the *peciftc absorption
rate 1S2E) (1) defin, as the time derivative of thie incremental energy dW
absorbed by an incre_.. tal mass of tissue (dmt) contained in a volume element
%&.'t %' a given denelty .Thus, i

SAR = L-~ E LI ( p
dt dm -dt ? v

Lsing the Poynting vector theorem for sinusoidally varying electromagnetic
field. It may be written as

SAF - : (2)

4r.- 5* Is the, tissuo vndul.t IVEt hi .me nd i tau rms value of the
:ntemrnal electrL, eield in. V'im. The b~tis I. pri.-bed in W/kg or tneir deriva-
tives. the whole-bodyv average SAR It, defined as aratio of the total absorbed

power in the expobsed bocy to Its mass. the local SAR refers to the value
within a defined unit volume or unit riabs, which~ an be arbitrarily small.

In bioelectror-agnetic research do ,.netrv ias beer. developing in two parallel,
=p11., nr. :tt a t%""s, thuorAU4.al .ank * xp -Imtntal. theore1:a, dosimetrv

tl a. k..~ nalysl- of simplif.- models 121. waUlu expcrlrmental dosimetry
aQ, - .th thle *Iewelopment of % :iodb .. n. Intrtmentat ion for measure-

meaitz o: tle ntrl lectri. fivlds. sAK. av., rAlat..d paritmeters.
'ht paper Ivals wtth tin. loskmvtri '..prmvnts arried out at the UnIver-

.. i- n Ottawa on full-bcal moodls of an average tjn, at several frequencies
n. under vartoun e~posure conditions.

ZSnerimental arrangenent
Blev. diagram of the syste:m emplo~vu in thes,- experiments is snown In Fig.l.

:he ttv~le svstem - except for the: zomputer, the generator and monitoring
yiipna.nt is iplaved in an anechoic ehilrm..r. Tile SLanning system (3] is

a b.iia tructurv for 5 tt lag and positioning the probe
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SVNT4C$SiUt "ATTENUJATOR ~AMPLIFIER'

PRE.AMP PROWE

TiftMINiL MINICOMPUTER , OPTICAL4FISRELN NOLOEN

Fig. t. Block ,diagram, of tihe, measuring syarem,

An, any-location within -a, volume of I .9x0 . xO. 45 mn with, acc uracy
of 0.1 cm, -and a computer system for control o6f the 'ixperiment,
data aquisktion. storage, diplay and r6cor'ding.

'A mold closeily approximating an anatomically correct, average
man of a height o f 175 cm aind -a, weigh't 'of 70 kg is. filod-vwih
semiliquid phantom material whose alectrial properties approi-r
mate those of the "average tissuc".' i.e. 2/3 of ifiemuscle, tisue.

The oda is,placed ioizonially with the antcnna 'otd'eo t
For Z- Iand Ht-polarizations Ih 06electric-field vector is -aralleil
or perpendicu'lar to -the long- axis of b(ody. -respctivuY."

The electric field intensity ismeasured byte implantAblu

a) I' AA b )
U-. -

-- -~ O 4r
* A !t

A.. A

378,



triaxial electric field probe 141 - model EIT 979. The probe I's folly charac-
terized in terms of its sensitivity in tissue phantom material, n:isa and.modu-
lation characteristics (51 at every particular frequency and its calibiation
was spot-checked during the course of the experiments. The SAR is then calcula-
ted from the measured electric field intensity according to Eq.(2). The uncer-
tainty in the SAR was estimated at tl dB and was mostly due to the calibration
uncertainty of the probe [6). Reproducibility of the experiments conducted at
different power levels and on various days was well within 1 0.5 dB range.

Experimental results
Far-field exposure. Distribution of the' local SAR values in the aid-section

of the body along two axis, for E polarization at 350 MHz and 915 MHz are
shown in Fig.2. Maxima of the dissipated energy occur in the neck region at
both frequencies. Largt SARs also are produced in different locations in the
Itgo. Similar distributions were obtained for the H polarization, with the SARl
contribution from limbs varying versus frequency. Such increased the body-part
jbeorption is sometimes referred to as the resonant absorption. The body-part
increased SAR depends on polarization and for the homogeneous model of man on
limb ditension - wavelength ratio. For instance, at 350 MHz and the E polariza-
tion (6) the SAR in the head-neck region is 2.3 times the whole-body average
SAR.

Near-field exposure. Distributions of the SAR in cross-section of the homoge-
nous torso exposed to a near-field of resonant slots with reflectors, located
in the distance of approx. 0.1 from the body surface, for £ polarization at
!30 "Hz and 915 MHz are shown in Fig.3a. The similar distributions for resonant

AA /

5 - .--.----- '-3

V[g.3. stributicns .fteloa Ai e torso cross-sections for:
• P slots wit' reflectors at A - 350 N!Hz; 1- 915 50hz, b) resonant
"e Jipohes ,r A - ImO SRI:; B - qI5 Sll:. Radiated power I N,
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im5 160 MHz 350 MHZ 915 A4Z

to Iot o ID tw

SAR KA AUtV01

exonnial Isdete oy lngte io ce of prg~in oe ctope

vausinte ufe.rinhg. The epncifi abs~orption ratscverrs over ia laesnaer
anpr31 einiofa the body inaingo freqncy.dpoeiteletr

thte naxmun SRocus nth s of thespcfcaortn rantenn nd sptat ditriue o S incy
*- full-entally mnde~ thf bdy aileng wthea direineofs prhatfomn. eilr compieg
* arag disuion hav t een onn in th ead-necka frequon.ct ie frmqu6ncies

vtoough the Varus poaiuto fof ARredand (see I'ig.) t~phe werieu
evaluedo Ah smurc rain hininh. The energ andoptin occurstaoler isalroi
andle altri regionvn ofth od t ncesigfrqeny

lctc-field probe provided' a good spatial resolution, an ecletrpcu
cibility (± 0.5 dB) and uticertainty of measurement better than t I dB. Th,:
measurements are fully automated and after n proper probe calibration, a large
number of data points can be conveniently obtained for any radiating source
-human body configuration.

The results on the spatial distribution of the SARI nside the humian body
under various exposure conditions are Important In establishing protection
standards against harmful exposures to RI' energy as well as for producing C
more effective heating in cancer hyperthermia anf for deoign of better RI' and ,
microwave d!a the rny dev ices.
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M PPING THE IZN7VNAL EIECrIC FIELD IN MODELS OF BIOLOGICAL OBJECTS

A. Kraszewski *\

ABSTRACT A ccmDuter-controlled scanning system and triaxial electric field }

probe, were used to measure spatial distribution of the electric field in a
full-scale hcnogeneous model of the human body. Experimental results obtained
at frequencies 160 IMz, 350 n.2z and 915 Niz in the near-field of resonant
dipoles and slots with reflectors are presented.
IhNUIRODCTION I

in recent years advasned nierical techniques and maodern ccuters have
i sde the solution of many cthplex elctromagnetic problems fssibe. However,theoretical analysis still ra-ains very difficult and long copttional <
time is required to solve some of the problems. For instance, in evaluating
tepotential hazards of the exposure of man to electrcmagnetic fields and !

in designing electrcmagnetically induced hyperthermia (for cancer therapy)
it is essential to identify the spatial distribution of the electric fieldV
in the whole in the cart of the human body. Due to the ccmplexities in the
shape and varying electrical properties of the body cca-putations can not be
accurately performed in many cases. Ex.pearimental methods in such cases can
provide a viable alternative. E1,21

This contribution describes an exper.mental systen for the r&pping of
the spatial distributions of the electric fields inside models of the hirran
body. The system orerates at radio and microwave frequencies. Experimental
results for near-field exposures of a model of man in the near-field of
resonant dipoles and slots with reflectors at frequencies 160 Niz, 350 M.z L
and 915 MHz are discussed.

EXPERfLMNTrAL MfI0D
To -,eeapice the electric field intensity inside the medels miniature im-

plantabl-; triaxial probes were used [ 3) . A probe contains of three very
short electric dicoles loaded with - _ __

miniature Schottky-barrier diodes con- -
nected to the external circuitry by 4

high resistance leads. The dipoles are |.4., ,
axranged in Y- or I-beam configuration I if
which allows for measurements of the 40 /1
electric field canponents. Thus, not ' -

only the magnitude but potentially '..
also the direction of the electric 30

field can be determined. .:easurements -
are performrd at very lo level expo- - Iii
sure hich do not cause measurable 3 0
increase of the model temperature.

The probes were calibrated prior to
the experim-nts by measuring the,
electric field distributions in lossy I
dielectric spheres of various diame-
ters. The probe output voltages for 8

many locations in sphere were ccnpa- 0 11-. C-3
red with the calculated values obta- Fa.l.
ined froc the Mie solution [ 4 ]
using the least-square technique. The results of calibration of the elecurLc

Dept. Electrical Engineering, University of Ottawa, Ottawa, Ont., Canada.
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field probe (EIT model 979, C. 9 m) in a 16-cm diam. sphere filled with a
lossy material at 475 Nz (AM 510 Hz) are shown in Fig.l. it may be seen
that the probe output voltage (dots) follows the theoretical distribution
(line) rather well and that even large gradients of the electric field can

be finely reproduced by the probe. The uncertainty in the measurements of
the electric field was estimated to be * 0.5 dB. This is mostly due to the
calibration uncertainty of the probe.

A calibrated probe may be positioned in any selected location in a model
under computer control in a specially developed scanning system. A block
diagram of the measuring system is shown in Fig.2. The system - except for

s ZNESizER ATTENUATOR AMPLIFIER

POAER ANTENNAMODULATOR

E-FIELO
PRE-AMP POB

GRAPHICS : POP 1113 ....... PROBE

TERMINAL OPTICAL FIBRE LINK

MONITOR UNIT MOOR

L PLOTTFig.

th. camuter, generator and the monitoring equipment - is placed in an
anechoic chamber. An optical fiber link connects the electric-field-probe
amplifier with the remaining electronic circuitry located outside the chain-
ber, The scanning system is composed of a mechanical structure for suppor-
ting and positioning the probe in any location within a volue of 1.9 m by
0.5 m by 0.45 m and a ccmputer system for control of the experiment, data
aquisition, storage, display and recording C5] . To increase the dynamic
range of the measurements of the electric field intensity RF signals are
amplitude modulated at about 500 Hz, which provides optimum signal to noise
ratio [ 4 ] . The output si iv.1 f rom the probe is amplif ied, A/D converted

and fed to the corput,
A plastic mold closly approximating an anatcmically correct average man

of a height of 175 m and a weight of 70 kg .as filled with semiliquid
tissue-equivalent material whose dielectric properties approximate those of V
the "avarage tissue", i.e. 2/3 of the skeletal muscle properties. The model
was placed horizontally on lo.-density styrofoam blocks. The antenna was
located below the model for the E- and H-polarizations (i.e. the electric
fleld vector being parallel or perpendicular to the long axis of the body),
or at the side of the model for the k-polarization (i.e. the propagation
vector parallel to the long axis of the body).

Resonant dipoles with reflectors ope-rating at 160 .Slz, 350 Itz and
915 .%z were employed as radiating anter.-as. T7o reso.ant slots with reflec-
tors placed close fram the model torso (approx. 0.1N) were also investiga-
ted. The dipoles simulated a potential situation of exposure to portable
trantitters, while the slots that of leaky tranaitter cabinets.

The primary a- antageS of the method presented here are thateasurec-nts
in a large nurber of locations can be performed in a relatively short tie,
that the sensitivity of the measuring system can be spot-checked during the
course of the experiments and that the local E-field intensity can be



measured at almost every point inside the .model. This is possible because
the scanning system allows probe movenent with increments as small as 1 Mn
in all three directions.
EXPERMI TAL RESULTS i

Results of the experiments are presented in a form of the specific ab-m

sorption rate (SAR) expressed in-nri/kg, i.e. energy absorbed by an unit of
volume of the tissue material. Note that

6 2
SA - E

where C is the conduStivity of the ts teral in 5/, is the mate-

here, as equl to 08 S/r 0.95 S/rn and 1.17 S/n resecivlyrial density in kg/m (usually equals 1000 kg/m ) and LEt is the measured
rms value of the electric field intensity in V/r. The conductivity of the
material used in the experiments at 160 .Sz, 350 MHz and 915 Miz, reportedhere, was equal to 0.8 SIM, 0.95 S/m and 1.17 S/m, respectively.

Distribution of the SAR (in nv/kg normalized to the radiated power of
1 W) along the antenna axis in the torso of the hcrogene.s model of full-
scale man ex osed to a near-field of resonant dipole with reflector is
showa in Fig.3. The radiators were
placed in such a way that the electric z
field vector was parallel to the main
(vertical) body axis. In all cases in-
vestigated, for both types of radiators
and at all frequencies, the SAR along icoo ,
the antenna axis decreases exonentia- L
lly (notice the logarytlrtc scale) with
distance from the body surface. Further ;S\ H

more, the attenuation coefficients are i
very close to those estimated theore-
tically for the normal incidence of the
plane-wave. That shows that the longer
the wamvelength, the greater the pene-
tration depth in the tissue. The SAR 10 IsoM.

close to the surface is much greater ,, \
at 350 MIz and 915 M2z than at 160 MSz. N
Fbor the slots the SAR close to the sur-
face is less than that for the dipoles.

Figures 4 and 5 illustrate the 0.0 5.0 0.0 15.0 .
spatial distribution of the SAR in the 0I4 fro. lbody S. FCe tc4
cross-section of the torso on the rad-
iator axes for dipoles and slots, Fig.3. SAR in the torso on the
respectively. The lines show the axes of resonant dipoles vs. dis-
equi-SAR profiles in rdl/g per 1 W of tance from the body surface.
the radiated output power. A diffe-
rence in shape of the lines betwen the dipoles and the slots can he seen.
The data presented can be be utilized in designing an array to obtain a do-
sired heating contour.

Spatial distributions of the SAR averaged over tissue layers pe.per-di-
calar to the body main axis for the dipoles and the slots are shcu in
Fig.6 and 7, respectively. The maximum SARs, except at 160 e.z, occur in
the tissue layers on the radiators axes. At 160 2iz, as the dipole axis is
close to the neck, the maximnn shifts toward the neck, as also observed for
far-field exposures [6) . It is evident, that for a hmogeneous full-scale
model of man ex-cosed to near-field of resonant dipoles and slots with ref-
lectors, the maximun of the electric field induced inside the body occurs
most likely on the axis of the antenna and that it decays exponentially

S' inside the body along the direction of propagation. At higher frequencies
even though the average value of the &A decreases sligthly (see Fig.6) []
the maxirarn values on the surface rerain high. with increasing frequency
the energy absorption occurs in a rTaller and smaler region of the model.
the enxIio cur na .le
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Fig.7. Specific absorption rate, SA.R, averaged over tissue layers
perpenicular to the body mrain axis for resornant slots with reflectors

-~ CD12SIONS

Spatial distribution of the electric fleld intensity induced inside a
full-scale rcdel of man filled with a hanogeneous tissue-equivalent mraterial
having average tissue permttivity were rmasured at frequencies of 160 :1-z,
350 Zn1z and 915 M.Biz. Various polarizations for nr,/-field exposure -.,-re
evaluated. A caeter-controlled scanning systemi and an iajplantable isotropic
electric-field probe provided good spatial resolution, excellent reproduci-
bility of the results (t 0.5 di) and acceptable uncertainty of the electric
field measurarent inside the -="el. The easuraents are fully autcoated
and after the proper probe calibration a large nurber of data can be con-

i veniently collected at frequencies above 150 2%.Lz (quality of the arnechoicr
cha.'nbar available at thp tin is the limiting factor) for any radiating
source - humran body (rsdel) configuration.

A The results on spatial distribution of the electric~fleld intensity
induced inside the htr=a body unider various ex-posure condlitions are irpor-
tent in establishing protection standards of expoosure to RS' energy.
Furthermere, for the noa-r-field exposures knowledae of the SAR distribution
is essential in des' 3ning effective heating systens in hyperthermia for
cancer therapy. This ;Lnowledge ray also be utilized in designing rne, RF amd
microvave diathermy devices.'
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Computer-based scanning system for electromagnetic dosimetry
* Stanislaw S. Stuclily, Mariusz Barsti, Benjamin Tam, George Hartsgrove, and,

Stephen Symoris
Dearment ofEgdtca Euuineeing. University ofOaa*rtaw . u% Ontario KIN 6N. Canadat

(Received 29 November 1982; accepted for publication IS July 1983)

This paper describes an experimental system developed for the purpose of studying the
distribution oftlectric field in lossy bodies. Ultimnately. amap ofthe internal electric field intensity
in aphantom model of the human body exposed in the near field of rad jo and microwave radiators
is obtained. The field is sampled by a nonperturbing probe in a number of points under computer
control using a system consisting of a microcomputer and a minicomputer. A description is given
of the hardware and software components of the scanning system and the results ofexperimental
evaluation of the perforinance or the system. For illustration the electric field distributions in
simple configurations obtained experimentally are presented and compared with analytical
results.

I'ACS numbers: 41.1O.Dq, 87.60.Mv, 41.lO.Fs

INTRODUCTION ofthe following subsystems: (a) an anechoic chamber (b) an
electromagnetic radiator fed from an appropriate power

N.Experimental electrom~agnetic dlosimetry is related to the generator. A 35OMHz reflector-backed A /2 dipole is shown
studies of the physico-engineerng& aspects of the interactson for illustration: (ci a realistic full-scale phantom model of t he
between radio and microwave radiations and biological ss human body; (d) a trianial electric field probe,' and Ie) the ttems.i Specifically, it concerns the determination of the dis- cnigsse opsdo:amcaia tutr o
tribution of the internal electric field intensity in a phantom scnigytecopedf.am hnclsruue r

model of the human body exposed in the neut field of radio sotig arnd osterionngfte prban acstompusterrage.and microwave radiators.' This objective is achieved uigatefocnrlofhexprm tdaaqustn.tra.ung display, and recording (not shown in the photograph),
computer-based scanning system capable of acquiring. stor- Onytesaigssemsdcrb nthspe.Te

Ning. displaying, and recording the electric field intensity and re lytheselcnni em iroescrid inths ape.Thec
its direction. Nonperturbing miniature implantable eriax i c ielpftern elec pgomtric a fibopoesa d ess ofre cseted
probes are used for measuring the electrical field.' The field trfeldspternsi ipegomt.a"ois r rsne
distribution in human phantoms obtained through these .I

studies, will be used in designing specific, pertinent to the
near-field exposures, experiments with laboratory animals 1. DESCRIPTION OF THE SYSTEM
and in extrapolating the results to humanst.

A general view of the experimental system for electro. A. Mechanical structure

magnetic dosimetry is shown in Fig. 1. 'The system consists The mechanical structure used for supporting and posi.
tioning of the electric field probe consists of three custom-

_____________________________ made (Velmex, Inc.) independent guiding slides forming an
t TI 77 ~v1 vt'7 xyz-coordinate system, see Fig. Ile). The longest, fixed x

- " slide issuspended from the concrete ceiling on four steel rods
and moves they slide. They slide, in turn, drives the zslide

use a lead-screw arrangement.
itThe probe casn be placed at any location within a cube of

I.9x0.5xO.4S in. The dimension of the cube can be altered
~-~' I ~by repositioning limit switches, at the ends of each slide.

Most of the metal parts of the system are covered by an
absorbing material (ferrite) to minimize reflections.

.- . . Drives

,ri. '~i . The slides ofthe system are driven by three indeperident
k. ~ ,Iqi , stepping motors (SLO-SYN model M092-1 09) each con.

trolled by a separate translator module (STMIO3 SLO.-
Fic. 1. Generable ioticietefo eaptiimentaidoirar.anechotc SYN). The module provides sequencing and switching logtc
chamber. (bt radi-requtccy Scienna. (c) phantom modetOihhmnneddfrhebiecoalotol of the stppngmoor
body. (d) uuauut eici eld probe. tet mech ncalniouciure foe aupponmi Thspedecinadnubrostsaedrclycn
and poasioing the probe.Thspedrcinannubrostsaedrclyo.
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trolled by TTL pulse signals from the microprocessor-based nates of which are stored in the PDP/I I data file. After the
control unit. probe reaches the desired position its new coordinates are
C. Modes of o ntransmitted back to the PDPI 1. This procedure serves a dual

purpose, namely that of the continuous testing of the serial

The system can operate in a manual or a computer- interface line and acknowledging that the control unit has
supervised mode. In the manual mode the probe motion is finished its task. When the probe reaches its new position.
controlled by switches on a portable, hand-operated unit. the output signals from the electric field measurement sys-
The motors can operate at fast and slow speed which is tern are convened into a digital form by an A/D converter
switch selectable. Selected coordinates of the probecan be (ADII-K)andstored inthecomputermemoryasadatafile.
stored in a file in the minicomputer memory, thus producing This information can be retrieved for tabular or graphical
a map of measurement points, display using a DEC GIGI graphic terminal and a CRT

In the computer supervised mode the probe seans auto- monitor or a DECWRITER IV graphics printer.
matically through all points of the previously selected map To protect the electric field probe against accidental
and the corresponding values of the electric field intensity mechanical damage, the highest priority nonmaskable inter-
for each position are recorded. After completing the data- rupt line ofthe 8085 microprocessor is activated by a switch
acquisition phase the computer can display the results in mounted on the probe holder. "Go to manual mode" (Resetl
graphical form on a CRT screen or they can be printed in and "Go to computer-supervised mode" are the two other
tabular form on a line printer, interrupts used in the control unit.

II. COMPUTER HARDWARE Ill. SOFTWARE

Computing functions required for control of the scan- The program for the control unit is written in the 8085
ning unit, data acquisition, display, and recordingofthe data assembly language, while that for the PDPI I in FORTRAN.
have been divided between two devices, namely. A micropro- The basic objectives of the control unit soft% are are: It!
cessor-based control unit and a PDPI 1/34 minicomputer. To provide reliable asynchronous serial communication
Some details of the computer hardware are shown in Fig. 2. between the 8085 microprocessor and the PDP/ mini-Thecontrol unit is based on the 8085 microprocessor. A computer. Serial input and output lines of the S085 micro-parallel interface links it with the portable hand-operated processor are used as an asynchronous receiver and trans-

unit, the motor translators, and the limit switches. A serial mitter, respectively, with a baud rate of 1200. (ii) To move
link is provided for communication with the PDP/l I such the carriage along the x andy axes simultanousl), provided
that the control unit is seen by the PDP/Il as any other that it remains in the retracted : position (homei. For the
standard asynchronous terminal. In the manual mode, the carriage in any other: position (the probe posibly immersedcontrol unit surveys all the control and limit switches and in the phantomi horizontal motion is not possible. (itil To

sends pulses to the translators as directed by the operator, stop the movements in any direction if the corresponding
Pulses sent to the translators are counted separately, limit switch has been activated. livl To present multiple stor-

Actual states of the x, y, and z counters serve as probe age of a particular position of the carriage. The control unit
coordinatesandcanbetransmitedtothePDP/ll whenever can respond to the STORE button only once between
the motors are not running. Then, ifechoed back in an iden. changes in the carriage's position. (v) To protect the probe
tical form, the control unit turns on the "data stored" light from mechanical damage.
indicator on the hand-operated unit. This indicator is turned The supervising computer (PDPI I software performs
of'again each time the probe moves to a new location. These the following functions: experment control, interactive
coordinates are stored as a PDP!! I data file. communication with the operator, data acquisition, data

In the computer.supervised mode, the control unit storage, data processing, and data display.
" causes the probe to move to a selected position, the coordi. During the execution of the program, the operator may
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Fict' . tIntenual electric field intensity Iiaslihera muscle-equivaleit mite. FIG. S. internil electric hield intentsity in a sphere filed wth an "is ersge
nil vs distanceatoqtthe direction otpropi6ption ofthewave t 200OMHe. tissie"--eqwilent materil it 350 MHz aditanceiSes the diameter in
Different lines represenut £sl~as from the ontholpinal dipolti (Ref. 4). The the direction Parallel ad omcl to the tireetton of prupigition of the
differactes beteen the H and J dipole confirations are clearly visible wave. The vertical mirkers ott the hoizntal ais indicate the center and

(Ref 41.the wall& it the sphere respectively.

enter certain parameters which are recorded before the data After the data have been acquired and stored the
are actually collected. PDPI Itis used to display the information in a graphical for-

ningof te daa fle. n siplegeometrical configurations of lossy materials ob.
Since both. creating the map and, even more so, acqu~r. tamned experimentally are presented in Figs. 3-5 and com-

ing data are highlylime consuming, particular emphasis was pared with analytical results. Figure 3 deptcts the square of
placed on thedevelopment of the software which would help the internal electric field intenstty in a slab of a muscle-equi.
the operabor to avoid errors. For example, the computer dis- valent material versus distance along the direction of propa.
plays information on the current state of the experiment, and gation or the wave at 2430 MHz. The well-known expotlen.
informs the operator of possible optional actions which can liii character is clearly visible. Figure 4 presents the square
be undertaken. In case of an error. the experiment can be of the internal electnc field intensity in a sphere filled with

repeated starting from any point without the necessity of water at a frequency of 2450 MHz vs distance across the
restarting, diameter in the direction parallel to the direction of propaga-

don of the wave. Very good spatial resolution of the probe is

I~e in Fig. 5 the internal electric field intensity in a sphere filled
t a 2450 MH: WATER t78-t9 5): with an "average tissue2--equivalent material at 350 MHz

4.6 NARDAxe6fi® SPHE8EO/. - 0.54 is shown versus distance across the diameter in thedirection
EI 3.6parallel and normal to the direction of propagation of the

2.e THEORY wave. A relati~ely good agreement bctwecn the theoretical
................. EXP and experimental distributions is evident.

9.e _________________ il At the present time only the magnitude of the electric
fedis displayed and recorded. A program for display of

teid $8.6 126.6 Uo, Ix.. 1 si.6 2.6 both the magnitude and the direction of the measured elec-
Iti trio: field is being developed.

Fio 4. internal eletric &cW intensity in a sphere iled with wiler at 2450 IV. SYSTEM PERFORMANCE
M~ttz vs distance across the diamerter tit tie direction pennllei to Ihe durec- Sletcaatrsiso h ytm uha h cntioi opropjstion ofthe wase. The vertical markerson the horizontltis Sletcaatrsiso h ytm uha h cn
Idicate the center sod the allsi of the sphere. respectively. ring volume, resolution, repeatability of finding a selected
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TAate 1. Resultsofthe experimetal esslustion oftte scanning system.

Manimum linear displacemet em 190 30 45
S 5annint; resoltin urnstep 0.013 0.013 . 0013
P"tto repeatability mm ~ s ±o~s±o

(uncetaintyt h001 t:00 hO
LOW Simple motions 0.42 0.42 042

VIsed Compoitem oion Ulm$ 41 0.427 042
High Simpto: motion evens 12.3 I2.S M26

s~ee C~oeste motion 11.7 I2L0 123

position, and the Scanning speed were verified expertmental- with those punched only once. The uncertatnty or position.
ly. ing along both x and y axes were found to be less than 0.05

mm.
A. Scanning volume D peWith the limit switches at the far enids of the slides the

maurdscnin olm ws190 X50 X45 cm. Finally, both the low- and high-speed motions were ex.
atmined for a simple motion (only one coordinate changing at

B. Resolution a time) and for a composite motion (both x andy coordinatesl
changing simultaneously). The measurement results are giv.

A dial gauge with a resolution of 0.025 mm/div. (0.001 en in Table 1.
in./div.) was used to measure the displacement of the probe.
In this experiment 100 steps of each motor were used. The ACKNOWLEDGMENTS
summary of the results for the three axes is given in Table Thsrs1c.a spotdb rnt rmteOfc

C. Repeatability of Naval Research, U. S. A. Dept. of the Navy and by Health
and Welfare Canada. The authors gratefully acknowledge

For the z axis the same dial gauge was used. For 10 valuable discussions with Dr. X. A. Stuchly from Health g.
consecutive excursions from the home positionto a specified and Welfare Canada and Dr. A. Kraszewski from the LUni.
position along thezaxis the uncertainty in the probe position versity of Ottawa. Assistance of D. Adamski and G. Wong
(repeatability) was found to be less than 0.0S-mm s.d. from the University of Ottawa is very much appreciated.

pIn the x-y plane a different technique was used. A sim.
pemap of a few points separated by several centimeters

from each other was stored in the computer. The Probe was 10. P. Gandhi. Proc. IEEE 4k.24 419821
replaced with a needle and a flat sheet of graph paper was T. Ht. Dumney. M. F. Istiander, H. Massotidi. S.i. Atten, and I C. Mitch.
placed under the scanning system. The map wa cn e ll. U. S. A. F. School otAeropoce Medicine Repon No. SAte.TR.6 32.
nine times under computer control, each time starting from )G. S Smith.tIEEE Trans. MicrowaveTheory Tech..MTT.29. 1213 (193 IL
the initial posttion tn the corner of the scanning field. Each 4M.A.Stuchly. A. Kraszewsi. S. S. Schli. ad Gtansro\ e. resent.
time the needle was lowered to punch a hole in the grsph od at the Vth Annual \feeting or the Siotectromaisriirs Society.
paper. The sheet was then shifted by a few centimeters and .Boulder. CO. 12-16 June. 133 tobstacti

S S. S. Stuebty. M., Bansti.B. Tam.O. Hanrhgoe. and S. S5mn'is, presentedthe scan was repeated. Using a microscope, the dimenstons at the Vth Annul Setting orihe Bioetectromagnotics; Zociciq. Boulder.
of the holes which were punched nine times were compared CO. 12-16 Junie. 19113 astrat.
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In Ivesigaion Ofbioogial ffets f 46c- consists Of the follownog radio( requenty/Iicrowavl

ognetic waves It is essential to know Spatial d8. elesmo

S omutero ofte 'cri ild inside exosed bodies.ardi fruec (?)od.roe (i n.

.1 Ceote notrolled system has been developed (Or 6 h o froaequny(Frn icoae()a

iS purPose, and a comprehensive vnti o th

*tahl elcrafndprbshsbo promd antenna fed from 40 appropriate Of)

electric field intensity inside Asmdel of theI
thiutheruoo o 100p~l to10 ~b. ithan O~e - a full-scale phantom model Of the anisal or

ioty of !I do. hsobd

t. U T O I O Citf a t r i e n i l e l ec t r iC -f I e l d p r o b e a n d a s s o c i a t e d

oeetY of electromagnetic fields is concerood electronic circuitry,

oh the deteralnetion Of the rate of energy deposition
biologl"io bodies and their 4lectrical sodel$. the
'e Of energy deposition is ddfloed as the specific
Sorption rote (SAX). The W SA i related to the In- eea

~sit ofthe lecricfield in Oitto nd the electric ren
3peties of the Itisue- 4nOoiedie of the SAX is
'4entlal in quantifying biological effects o h _

2 otrsofn tit fields 4 developing a o ftr e fuM 
Y-,

'ctro"SnticellY induced hyperhera is treatmnet

~ng o-PerturbiOg IoPlantohle triat,1l electric V......1.....
Id prohes 11.21 and a cooputer-rootrulled Mechanical P. U

Inni system capable of acqoiriol. storing. display.
. and recording the elezCtc field intensities at ~I
'iou: location$ lnalde foil-scale phaocon models of I
&I:alnd human bodies. The field distrihations Oh-

' 0 ne using this Sstem0 are used In dtslgoing spedi-

pertinent to ithe oear and far--Olld expoure& with

, 'Orotory soimals ald to entrAPolatiogt the reslts to ~A /~b~'tA

* Contidetahle onount of the for-fildI eoperloental

data has been obtal e d 
......

os on ei

4ol As n scalod-dn Code!, of hoOma5 uSing the fig. 1 Stock diagram of the qapdrimentl syt.
rzographIc dtechntque 131. This technique, althoughClsytm

Q -uin a 4irc.t display of *he local SMI values. r.-
t$very high poner I.nels end ouffera froa lisited

.. 1tia resolution particularly for sQaled-luau codal.
the direction of the Interna leti fiel

lorerived from t"e *Xptrloental dataadteaanifsse uoe f
The lisitotloos Of the thermotraphIc techoicnnngyt.queOS4 f

ui s totaccur prt faflesst#s vectr ch - A mechanical struocture fOr aupportiog and post-
v~do acurte ectr nysof the electric f1eld intolOo oepoetgte nt h sni

'-scale ;antos odtls Of auis41an od huzan bodies IAced Ofectheoo be circu tr and -.h soi
The Process of data acquisition 1$ flly auto a"eetoi-Cruty n
AdIs Perforzcd Udor cooputer control. co optrhsd sstnfrcnrlo h

OF ~ ~ ~ ~ n TESSL xrecording.
The etais o

the eta ilgsy nf t"e 11lt-ol Lesion And operatin of
theer %.,*n yoe ur presented elsowhere 41 and

A boc digrm o te sstm ad geerl vew therefore only R:/,,; 4lacents and the .Ceo40C l Iu

bloc :i~a oftthyesad eerlvc tions Of the oxperlnontal syatem w111ll discisoed
tePart located Is the Anechnic Vtooher are aShown here..

380
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iadifrsneve/o elemo e nts Variouas =nIds of staple geometries (6) and that of
the full-stale model of the bhuma body (71 were made of

The awchola chamber with the effective dlseMSiOnS an RU-transparent polystyrene foaQ. The snids were
of6 a 2. 2.5 a is (armed by the Advanced Absorber glued using an epoxy resin and sealed using various

absorbing pyratis 30 C. and -5SC ongb . The reflec- caulkIng mixtures. Recently, a new mold of the human
tn* from the walls of zt chamber have been evaluted body has been Introductd. It is sad. from a thertn-
atseveral frequencies and uero fond to be below :20 plastic material moided around a sodel of a standard

ds for frequenclee greater thin 300d XiRa a5 below 30 mn.
di fr frqoeniasshov 2 06:.A seal-solid phantom material (mixture of water,

Various anttnnas such 43 resonant dipoles and sugar and salt) which simulates the electrical proper-
reflector-backed resonant dlpolas and resonant slots ties nf the %aerage' tissue was used at 350 M&i 161.
wh reflectors wer do esifoed sod tested at frequenclee At freqaecices of 915 and 2430 MN40 saline solutlons can
of350, 950 and 2450 00Xz. These antennas are well he used as phantom masterials. The pernlttlvities of

matched aod provide nell-defined near and far-fIeld different phantom saterlals were monitored ostof an
radiation pattern for dosloetrIc enpetisents. The auto*sac seasurecnt system wits an uncertalnty betterNintensity of the electric field Is the absence of the than 3U. Retently. Isproved tissue equivalent mate-
phantom model was calculated and also verified expert' ria1s bave been developed 181. They are characterized

metally uslrs cOseertlAlly avaiiable electric f(ld by variable viscosity and significantly Increased shelf
probes, life.

FEtUOhANCt EVALUATIO5*'4
(P I The performance of the whole spots. was evaluated

1,41ill by seasuring the distributns of the electric field In
d ._ ~ J bu l y spheres and infnitce 10.01 cylinders at M3, 920

,j.a... ad 2450 Mft. The results were compared with theory
-. ~~ ~ us ndned for calibration of the Implantable probes

I (6).
thesunof h,,e vltaeii(V,) detected by the

die loa e d f o I h poles 'is related to the
F - squre fwn *hetprl eei rt field intensity JEi2  by

th hIE11e I.'rootoo

where I is the IsensitIvity of the probe In the tissueI

it.ss;~ Th estvt of each probe wsdetersined !or

" .. . , , , .. i ,' s;' e a c b m a d ea l f r o m t h e f o l l o w i n g e p r e s s i o n *.

a) enechoic ch~iher; b) Anterna; c) model of 1)
tehana btor of electscaninld prb- a)_______
tehanical btrdy ur o) electr i g fil Srb;e)11 yst en where (V T 1 iIs the talvoltage at the probe detettor

diodes (a os aofatheathree voltages of tbe three di-

Tbe antenna Is fed from an RP7/'d power poles),e sooure Ita seietlpiti 1~)1
(M.C Al =Y) nools output powcr Is conitored by a dtgt- the theoretics. value of the Internal electric field
tul power ' ater (KF 436A) throats a directional couor Intensity In the same point, and Si Is the number of
(Ht 77W). :he power a3pitlier Is driven froms yn- points. The final value of the sesottvity was arrived
thesised $final generator (fHP 16k) thrnugh a conpa- at by &A Iterative p rcoess, go Othlc only an unperturh-
tor-cn tolled digital Uttenuntor (TEXCAN PASI). ed part of the distribution us: Included. I.e.. tost

spntne rela eetr-feld probes, a part for which the reiattve difference batness tbe
Ndo Mzdel 260.3 so El modol 979 and a 110iaday mo4.1 theoretical and esperonentul values as less tnos 10..
II-01 were used to cAssure Use elecctc fied lItenaI- There are several sources of errors In the system
t.The Calibratin proceoures And CharoctorttICS of that may affect the Accuracy of esperloentaL results.

these probes ore described elsewhere 151. The output Some of the errors can he lioltad to negligibly small
Coi~w n he probes ute fed to three Endeptn~tnt through proper arraofle--ents and care. These Iclude

b 1 bateso peratoad AmnpIlfiers, soaoed up and transmitted reflections from the nALla and the acanoni syites. In
nIs an optical-fIber line to a second amplif ier lctd this work they hove hetn elininoted by placing tbe
ouside the sachoic chamber. The Output of this api- o1hoLe system In an anecnoic Cnmer and coverlig the

he lo ai connected to aI A/3 converter of a PDP 11,
1

. fran. of the acanning system with absorbing ties. -9e
conputer controlling the ewperlaent. This urransecen: incldent electric fle.li has to in tC-dertmtd 1.1 terms
G:&ntfintlCy roduced the level of *rwonttd anterior- Of Its oZpL.d. aw.l aLreotLo.- 'tt !Lald itnl
riot sgnals our tests use cecerzlod from t a antenna a%510 calibra- N

The probe ouatput signals proportional to t"e ShA ticst aod oesrnn of t Le i;,u power to the antem-
vales t vrios bcutinns In the model. are stored In As. Tie .ctrC4arto in te intensity .4s estimated At

the digital format in Ct canuter memory together with r1.5 3A. Tie dLr.Ct..M alge o f ,ct anteora witsn
the corresonding coordinates of the probe ponltlons. respect to the ;rob* 'as 3r-uoqed within :11'. T.he

Athe present tine the SAR values are usually pluttej intensity of tre Ibitd *as always edlusted s3 that tree
a function Of Probe cnordlnAeeS and are easy to road1 proles operated In the linear region.
&Ainterpret.

~3I u7
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the va~n Accuracy limitations In this eoperlant CONCLUSIONS

or. due to the prob s themelvies. namely to the cross-I
tic topln ofth tsyo , lack of aefety iso.tro Pic The eApartments with siaple geometrical bodies as

I'~oe do to sosi difrnce hetmea the three well 43 with the full-scale phantom model of the humn3 ltpele-dLode uasseashles). remnant pick-up by their high body indicate, that the Ioplantable electric field
resis9tnce leads And the field perturbation by the probes combined witb a computer-based scanning system

leads.constitute a powerful research tool in experloental

limster and the uncertainty of the electric field In-1Vt
tensity of tl dl obtained ore folly satisfactory far I
the sajortty of eiectromagoetic dosisetry applies- I
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3.1:0.3 4V/JV W) for the Eit probe and (S1 0.W. liurtelrove aod A. Xraj4ecoa. "improned tis'
12224WW(Om ) for the NiOWaAY probe. the ncr- os-equivalent materials fcc electromagnetic Ab-
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dieto fincidence of ins wove and the 191 lg.A. Stochly. A. ilrau~seoli. S.S. Stuchly. C.

single arn svhowe the ptit share the probe Is oftgrn and humtansl b*os1 str L in flintroduced Into the phantom. scale nodal o h uu uj t 4 kO
October 14-iS, '984.

an 4AIllustration A comparisont of the theoretical
enasferimentAl results for a l~ocm diameter $Piere at -
KI: is' Isown In fit. 3. The probe In IntroducedA

on t'e yasitIne 2 dlretciol. while the cane is tact
it troe the negatine z direction. A very good air,*-

j t ine-dit - ta a0 A nall-diomutter probe (&IT).
or .OA lards diameter probe (ioladay. 19 mo) sli

.i at deniatlons occur at one end of in, distanceIN
outed. "the diffte ree be:%een the theory uod taper- 1..nt close to the point of toe probe entrance is wmost
.eiy caused by !arzotius of A nto tbrouin %iicn the
iotu.. material Is flnuing outsize the nold.

ah enperizeots corn Also porforzad using a full-
olet P'3ntcs Madel of the icoon body At 3'0 - H:. Tb.

aand discossicon art pevented In a cccpunlon



17AE7
WSIETAY 14 A FULL-SCALE MODEM OF THE HUMAON B0ODYy,

Marla A. Stuchly, Radiation Potection Bureau,

Health 4 Wellare Canada, Ottawa. Ont. XIA 01.2;,
'I Andrzej Ilrssnewslcl Stanilav S. StucolY, CeOr9e HartsgrOVO

University of Ottawa, Ottawa, Ont. XIN 605, Canada.

Abstract In this Paper We Present the results or or
measurements for an eleOtriCalY-hQZngenCnUs model Or

A computer controlled 3canning system and nan exposed to a plano-wave at 350 Mcl~ In varlnna
laplantahie trianlal electrli l pa rnbes ecre used polarizations, and exposed to the near field ofaL
to Obtain naps Or the spenifin abnorptin rate (Soft) resonant slot. The frequency Of 350 01: '4as selected
In various CrQss-3eotIOs Or A rall-scale hecause Or prevously reported Increased Abonrpticn
a uectricalIly.equtlslent =od0l Or man. The1 data Was and highly non-unlrorm SAN distrintton In the head
obtained for enposuMe In to. rar-rleld. and the (6. The resnant slot 13 a good reresotatlcn of
near-rleld or a resonant slot At 350 Md). The results practical exposure situations resulting rrom 1eady
were round In a general agretent with previously transmitter cabinets or other hardware.
published theoretical tlrations ot the average 5AR
and eXperlzental results mor scaled down 004e13. Eyoarinantal System and Methods
Nowever, significant quantltatlvt dlffrrerece were

observed between, th. thonry and experiment In toe A description or the experimental System 1s given
spatial diatrilotlon or toe S R. in a companion paper (S].

Introdoct ion rar-rleld enposure was created by placinga
resonant slot At a sufficiently large distance fram L

EnIOWledge Or toe spatal distrihution Or the tie sorruce Or the nodal. A correction tor toea
spaclrlc absorpticn rote (S00) Is essentWa to spheroidal wawe-rront was incorporated Into t-e data

% uantity biologtcal erfects Or radio frqutey Processing program. Three polarizations or the
radiation (XF) and to extrapolate the results or Incident field were Investigated. namely, the electric
experinent* with anlzuls for evaluation or a potential rield vector parallel to the long hody axis, called d
hazard to hu:sos. The 3AR Is defined as the rate at the 9 polarization (Z L.), the naghetlo vector 14

whih F ntJY 3 mprtd ItoA ni Mas f ht parallel to the long body axi, cale tFnH
exposed hody. polarization (H !!L). and 'the propagation vector

Cosiderahle Amount or data on t-.a speclii head-to-toe, called the polarization (kb,L).
absorption rate have prevIouslY Oeen obtained by
theoretlcal aalyne 1.3], and ewPerlnenta with eSr3-rltld ensosure Was created bly placIng toe
scale*d doan models (0 . Hnwever* only relatively resonant slot 8 on AWAY from toe hody sortc. T.he
si1Ple nodels hove heen treat** theoretically. and electric field was parallel to tIe long body axis.

while -Ike .1ole-nody average SAN can ze calculated rorpretesrto

radiation snucors. the spatial distribution Of the EAR toe mad:I of to human body were equal to toe average
h valcla etls o hae ee relatively lur~s volumes. tissue properolea e.g. the dielectrin coastant Cl

t" he I-M aett perrormed rsr toe so culled 31 and toe conductivity Ca 0.S5 3/a.
alococ model or nan rS1. In tos :Oode% toe huma- budy

15divided Into0 cuzical cello of various volq:es. An Implantable trlanlal aleo-tric nael erobe. "T
Becaune On the sy.-.*try Or toe human body, only half nmodel 979. %nion woo previously calllratad !I]. .Iad 2
or it 13analyzedax 30uir or the rest -s divided into seftsitIV'tV In tie tWSade Utterlal Or 2.i .sn-
ahut 170 Cells L6] V1n the rezAt~g ;&rta Or toe vito An UtLatlna uncertainty or :'l 03. Ire mnimum
body are a4so d1.0 into 170 Cells (5). The zesorable fleold Intensity was 1.3 V/M (EAR a 1.6
limitationa cr such analysIs Are aparent In View Or sd/hkg) ror a s1;nal no noise ratio or 10, and an
compleuity of tie huans anatomy. ampliir bandwidth or I H%.

The S0AN distiblution has also lean determined Enoosure In the Fir-Field
*xperlzentoll!y by the thermographic tecniiue (0.1].
In thin tectnlodje a scaled down nodel of tie body Is The spex~IlC absorption rate (BAR) !A toe
eoPOSed ror a f.w SeMZon to hOZr. power RF ralatboc, cross-sections3 Or the human body to:' t.'e H
ltnO5C trw.nnMy I3 scaled -;rn rtzxQnIIy to toe n-odal polarizat'on is sicun In FIgure 1. _." oross-sectoors
s31e. I.=tdlotely after the exposure tnrorpb old te lody centre (A - 10 on) and tdo ct-er
soans at neleoted to.-*1 3,rfaneo are Oae. Fron toe Planes 5 oM orm-centre. -.a"odata point in eA avrage
ceosuJrel ttrt Prarllea. %- 0 dlst13rltutocn Is oF at least rive separate neao.rtzents perCurze at
C3'ClcIstI4. Tte %2l3 !ZnitstCn r. O ls teonC. ue-qJ various Incldent power leves or on difrertnt days. A
are due toa difflcultlen s In lncrorating anatcnizai hioiny non-unlfor2 dlstritutiCn Of the lAN own' 0:
and electrical differences Or 2-10non tissUes ant ::oe. Fnr InsZanrCt. in the cen't OrOa3SoeCtln toe
organs or the boly. Ind a need For htldi power or toe SAo tai.03 range-frtn 3.6 to 112 nd/hg to. an Incident
rad'atlon 30'rCO. The :13t 1111tAttrk *s ;3robla.lrlY power or I
serious tIM ter- XldePoSU-e3 are conslrel.

For toe E polarlnstton ointlary rn-Ior
Tie aforementioned reasons hsIve led us Into Qltrlltlt.On OCCarn. tof the :aXlzuc_ S10 Ccite- t

development of a =essurennet- zeto and a syst*n [3:. tne nendC [9% :h.s Is .l rne n 7 -I9re 23 st:'!::
allo art .apable oF prcv'q'n; accurate nopn or the toe E00 a:Ong toe tw0 001/ au-a at -Oteonote r000 In full-oca!* tOde-s Of the tar=n ,ad/. TheCcrCss-33e-tlcn Or %'G 000/. Tkrese re3Jsbts cat
models can 'A mude to re3#Zbbe t'e h,:as oy Cloetl cznpared ail toe oaxer-menta. :ats avibzlalel
hoth ntominall~ and elvot.zsily. ard a good 3pat.al lltrst.re for 2nsued cozIn -_ode13 It -- C ;7"
resolollce can te obtaloed4. :esplta the difference In the exposuroeten Ia
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!Stg 1s In g0od agreeet. The MAXIMUMS SARl ix thle 4
neck In tile center Plane 13 4yyrCXiaely 90 OW/k,
' ,Flgur* 2) As compared vlth 120 mW/kg masured at 40 a
.4: (7]. SIZilarly, in tile 199s the =aX&ZUs SA.ls are.10 sd/kg aod 147 3,1/kg In Oar reaur cots at 350 Oils
.d at 450 Mz4 (7], resectUvsly.

,se. ... - 00.
~.4

.1.00.

Igore i.C.The distrlbutiun of the SAN (aW/kg) in a,. a.-_________
=mogmu sadet Of Man eXy0304 to a Plane aave Of I
1/ca' xt 310 Mi.: the H poiariistieo. 0. I

1.50.00 2. GO 4.00 8.0 G~O q, 0.0L
A POSITION4 ALONG Z-AXIS (cm)I 71Ur* 3. The 3POCIClo aisorytiost rate (SAll In the

neck4 vs. thle Monition aln o41 (the direction of
Ipropagation). 390 M0:, I 2W/cm , toe 9 poiari:ation;I

on the axs. 0 9 ca at the 4t3.

3.25*similar to that for the 9 -*Iari:ation. :n Iexergl,at 390 M01 thlere are 'Any 3ialleritIes tvteeo' te
1. CIOdata for the tao Poiarizations. his 1 Ils r~at~ed

- e I In Figure 5, whlich sows tilt Changes to the z*A $AR
1Al polarization. The tmea SA voe talulaed at ch3 0.7S Point as an average value in tile ilorizonesl tt3axe

i, ~iAyar. The CAbn difference is ak algotfcat Increese
Of tile SAl to tile neck for tile C polApri.ation.

0.5037A

t AA
0.25 A.5-1

1etdat. 3900:. 100 omam 1.25~ j

~ue2. The syeoitiz abssrptioot rate (SARl) In thle ~ 3
%ter bwdy crcross:0Otitn (7: 10 ca) along the ta

a 0.75
.dlotritut-no or tho SANl at is0: oA

-Q!ar1y cemyton In tile nck rtgicn 33 stows In
71e 3. ,ftroolmua0" Oclr3 0ft the 0013 Of 3Y~oelry, C.:0slif-eI away frcm the p o r 01 "hvs
.weie. At points off t.. axis of, o/?:tr/ the SA,.l
,,ee aith tile distsance teecz2.1.0 ;Ian* or wove .2
I.~ e. 0.2

,, 4ditrttion alc~z tO 34ettd SX3ns "a1.J
' .0er or cs-sottOno f 'h e body for tile H 0.0co0

Otlt stne (2.1. canetto tla 'araileI to the I . 0.zCnico
.3 Of the 'bIy) is Shc.A to ttIre 4. In tits c33ase0 C. C
Ire is !A I~olnm tile re-4 reg-cn. OUt -3s M s/ 5/sntni e~at. A r.00 more prorconea 4x01=,. of xt.ur4 4. %6e s 1~t~ 0mxeryt-0- rate (SAR)In tote

350 M.4z. I :// m e -0.4Hylrtai
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1.7S1

1.20sos

S 0.7S 11

0.50 0 ae a. 0

0"0. bP of head. x CoCn3I ll~~~~~~iir.6 The specific asrto ae(0. lo

25 n~~~~~i~ rt Ion.pto at SV ln

the co4 tto 13 Of ILL) tr±:: 35 4:,1t'-e. i'
pa arzaton

Th 01. 0 iv0rA . loco for the hedadtewhl-oy 3iO; dWt~o1rtot0o (mW/kS/.? m2 callatd vaue at M iI and 4405 Ii dlkgt .

Fiue5.Teesf3orptlo n aoIu t m r it e (SAR eage d i especively

evra horei- ta oaer tOf 'hre com arous bue

Upper tors 11.2VI 06.4 tetL14pesne
ini 36.0r 7.60.i9 ypclC=&t0nO t

Mewoe ors y ave .0j 31.fo1heto

i t-31 r ai rly clse hi0 I1nf
'at 4ceae IesrtI Wihnte is c3. 56. ,- . - - oe.

Ib ort .1 11to y [ arts. 9. . 0 -n k or
* ara; at a n th.~ e 1ov ior nnepse AL I urtas o so utc ite varo s dy:

par 4 3 iiart~ed In. Ta 1.0 toros& ~O
B o day Parn ta pu A R 0?Iro Wee. u iiu

*i Lowrl. toro 1o"er .inli0 31ur. I ee

r Botdyti 40.0 oto 4oov . 10 0. 2. 6 0

TABLE~~~~Psita 1.re a-come* 3PQfQce)tnrte nvaiu

pts of a5~ tile-tt odeo f t nct to soo0 to 3 ±ua7 cyrsno r.ue.b ~e000nt

(5,* 6]. A Pli stio i. o: SA ders3* itho to i 'l uo al lo'1p00 e~c1 00
d-3tn C .3 Ileuai o -h e lt a sne~try. bu et 10.3A %n r r~otn . Oet~ov ot

3et ret.o g~e. :n this14 cst tne =xzu 13 Voata.o heoat10 100tO~
re 0 lal on e broai k:n., po r er ±0 0 s4r-O 50 itepr~o~.;~o oe;.

is i c 110.3. 0 .o o 02oA esrd ao1e witr te1 0.0 Ot.s 9.0 12. tile 20?re .
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This as been our Consistent finding for* both the Z 1000.0
and H poiarl~aticns. In stout a CA from the surface
upon .1,i0 the wi~ve 1s Incident the SAN deCre3ses Core
than .10 times (e.g. In Figure 7 It decreases from
A;p roxOSteiy 20 o W/hg). Hlowever.tethoyX.0 lpredict A d~e e t nivour with cozoarahieo SARs

withi th is n second call layer (z a 33 *.5 00

CA, ad z .5 -13 C) from the Olin* of IncIdenee.

the experimental data for the correP nding layers
woud h. s3IgnfIticantly dif ferekt , even CIA the tirst MEA uN -1

7. most likely reason for~ the observed 10
withlin the torso of the blockc model. In particular,
ther Are only ten to three layers of calls Is the
ba modal. The cell 3i:Q is Comparable with the V)

eirghin the tis3sue %at~riai. The differences In
the geneetricol shape Of the sodeis 2aY Also

* contrIOUte t the differences In the SAX spatial 10SC ce-Z
A'$A *-O±S550

distribution. as~ocr in t$eOen,13301*

Theo distrihution of the SAR *long two aXi3 Of the
b ody oxposed to a nesr-flold of a resonant slot at 350 __________________

VU is shown In FigujreS. The SAil Values here are 0. 11 a
averaged within the body slices In the direction Of0. 4. 80 1.0 80 2.

.. e ~ %aepr gton. It is eent that the maximum OII1 LA -OSCa
OAX Occurs on the axis of the slot. Furthermore. the OTI ALN Z-XS()

PE saxinum Is 3 road In tCth drtloe4g. the SAR on FiVure 9. The specifio absorption rate (SAN) along
the hody a.13 (A-A istesn n noff the Aul3 the direction of wave propagation In the torso on the

( =3 5.As Aicrease of the SAN in thu necke region axis of a resonant slot, 350 Ml:, I W Input pover.
Vlsihi. h ut the SAN ValUe is Ahout five tises The points show the measured values and the line is

Cot At nteso 55 the least-square fit.

Figure 9 shows the variations of the ANARlong
the directionA of OroPagatlOn on the axis of the slot. distance from the Surface at which the wave is

cun he noticed ta slnll3rly to the tar-field Icident. It has lees round that the@ Attenuation
eX osurev the OAR decreases ePnenetIally with coefflcients are equal (Within the neasoresmnt error)

for the two canes (near and fur fil d esyosurea), and
very Close to the attenuation coefficient calculated
for a planar 1ode1 with the electrical properties Of
the tisephantom Catenial.

SoThe ahOle-hOdY Average OAR resuiting from
I9 exposure to s resonant slot 3 An cooy fros the torsoI~1 is .? Z0h for I V Of the Input power to the o-0t.

Whem this is COnyarod with the far-fteld eo;osuro, or.e
125 can oviluate that about 6 'd of tr.1 input power to theTslot are an equivalent of I nfWcn for the far-field.

In terZs of the, wnole-hody average OAR (see ?Able 1).
Ic A conparisn of theASAN On the surface Of t"e torso

ti(Figures A 0) Inicotes thot CA the axis Of tye
*~w..*... Vslot it Is 205 nd/hg (Fig-ire 9) for I V of the input

A ~pcuer a~d in the for-f!eld approximataly 2CA :0/hg for
MA/ca of tte incildent, p:,er density.

Tha spatial distrihution of the OAR in a
Icoegeoeous nodel of man at 350 'q: 13

291 highly nono6olforn for all three yolar!-otlCcs
InVOstigted. The SAR typiesilY varies Over At least

I three Orders of =ngntude. Large grodlents Of U-e SAP.
I o occor alcng the direction of ;rnyagution, And 10 the

0 torso the deCreas In $10 ottothe Olaisece.Z frC2'to
0.1 1. i~o: urfa Ce upon watch the Wviv is Incident 13

coponentlal.
SIR hV/hgin)

Figare 3. Vt elclfl- 030rptl'C' rate (311) averaged Te spatial .. 3tritutlon of the 010 Is
Iofl; the d Iro on Cf w3Ve Pro-00Age In vario.o parlalcuharly copie in1 thhe 100-veck Wegon AtO

1 iPn.to en two selected hedy U1is. 0oXus4re to A noXiCUM Inside: the necA for the Z polarlcaticn.
secront st nt 350 Yei:. I V ih;ut cvder. the* S
-IsrlhuttOn, the $lot Placed 9 en ra tre body The theoretlial 3131 of a tch =-del of o
S. urfsee. a., Cn frcn the model Dsse (hottom of feet). hsoir& 340 Cells (6,7 ] coes not provide reliable



17AE7
Information on the spatial distribution ot the SAX at

Tar & rSonant slat radiator at 350 1M'.. which
represents tYPICA1 enpasare trom & leakyp transmitter
cabinet, the SAX Is ighly nonnnIfors .iti theSuisn n tie slat Axis. The SAX along tie slot axisdcrease$ exponentially With distance from the body 1.
srface. when tic slot is Positioned a10se to ie

torso.
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Implantable Electric-Field Probes-Some
Performance Characteristics

MARIA A. STUCHLY, sENoR MEMBER, IEEE. ANDRZEJ KRASZEWSKI,
AND STANISLAW S. STUCHLY, SENIOR MEMBER. IEEE

Abrsuct-Petormince chaacteristlcs of three implantable traxii material Interface (3]. and from direct coupling of the Inci.
field probus for measuring intensities of the Internl detlek fields iA dent field to the losay transmission line conductors, have also.
blolodeal tissuw it radio hIqU@A€It oe es. Ths ienstivity 'i Ste been evaluated (4). The limitations imposed on the measure.
between 100 Nt ad 3 Gia, ad In phatom materials at 350 915,
aN 2450 MHz. s given for the Holdasy model IME.0t, EIT mode ment of amplltude.modulated signals by the resistive line and
979. and Nurde modal 2608 implantable probes, as woo as thek robe the shunt capacitance of the diode, acting as a low.pass fiter.
sAd moduSaion characteristics. have been examined theoretically (4).

The essential operating parameters of Implantable-probes
are the directional response, dynamic range. sensitivity, noise

INTRODUCTION voltage, response to modulated fields, field perturbation, and
TIPLANTABLE field probes for measuring intensities of the spatial response. Some of these parameters were previously
Internal electric fields in biological tissues at radio frequen. determined for experimental single. and triple-axis probes

cies have been analyzed extensively (1-[61. Single. and (5], [61 and for a commercial single-axis probe (9]. In this
triple4xis (isotropic) probes have been designed and are avail. paper, the sensitivity, noise, and modulation characterisstis of
able commercially. These probes are used to measure the in. three commercially available Implantable Isotropic triaxial
tinsities of the electric field in live animals and In models of probes are given. Information on the modulation and noise
biological bodies (71, (8]. characteristics is essential for the selection of the modulation

The performance of the probes, in terms of their input Im. frequency In an experimental dosimetry system designed to
pedance and the electric field response as functions of the di. measure the internal electric field in various models of bio.
electric properties of the medium, has been analyzed [2]. The logical bodies 10].
errors in the probe response resulting from the proximity ofa

EXPERIMENTAL MATERIALS AND METrHODS
Manuscrpt received August 29. 1983; revised Mach S. 1984. This Descripton ofthe Probes

wolk was supported in part by the U.S. Office of Naval Research and Three commercially avaiable triaxial electic.field probes,
by the Depatnent of Health and welfre, Cands. na me illy availanle 979, an d r be0,

Ht. A. Stuchly is with the Departmest of Electri Enseer, namely, a Holgd.y IME., an EIT 979, and a Nard 260n
Usivetsity of Ottawa. Ottawa, Ont.. Canada KIN 6N, and the Radi, were tested. The dimensions of the probes and the dipole con.
Gaon P:otccsoo aSueLu. Department or Hearth sod wetr., Ottawa. figurations are given in Table 1. The length of the dipoles andOa5.. Casda KiA aLa.

A, Ktsszewski snd S. S. Stchty ae with the Department of Eie* models of the detector diodes are not avaiable. A general
trical Engineering. Uiversity of Ottawa. Ottawa. OAt.. Canada KIN description of implantable electric-field probes is presented
6N5. in a recent review paper ( il.

0018.9294/84/0700.0526S01.00 ( 1984 IEEE
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TABLE I .'t
DsoIsSIrNSi OF THE PROM AND, DIPOLE CO%FIGU5tATIONS e... I.

Erffecife

Modal (trn) 'Cafigsuoob

Narda 2608 3 A -
Etif 979 9 1
Hliay IME-01 17 A cw """

lRee to the sensing tip of the probe with Encapsulatin.
bitaen to the configuaiono of the dipoles (I 11. The overall length hA

oftthe probesIsapproxilmutey 30cmn. 4;

"we ,0,0Fi. 2. Experimentol arrangement for determination of the sensitty

~ 0~L.., .i si ansd modulation characeristics at frequesniea above 1000 M HE.

probs. 1. thpe dstal wee ain e for wois bolaedwithsetings tssod mouainetaatestsat14usl 0-00Ml

oise lOlnmiier. sey.h efcienis adit
n nof s 0. vod0lz.thettgoe was maueIntepedrtimetal uben su patio atrlst selected

tomt ihonrerncb stray 11Teeurmnts fies anperformTeeestiiyInar etrid byco.
for o shIpctraldhensmiet (n VIre i) sr calculted fos a paigtesmofvlae rs ausLrmth he rb

t rms vtat the andwidrth diodes toecho the ki.3Eprmnown irrnteentfrdtrnto of the electric j £
probes.Altedt were obtindaortwcbndwdt sttng I expsur enmlectichlds erista lihed the 10 T Ni l(i.

3) ahd loc-i standardr wnvmguid, the efeciv ands Wba30)dwig.th
The odulation.chraterstic eroe dtermned in thlte x e p) hentom4 cael a dim enson f2.equencm and a char1c.

to peimitntlerfrnement shown inecromg.et forteldsT and 24rda terst .imedne of siivt In air wal th etetymedburem-
The probespInta dshwn in Fi. 3fo the alcaytroe. asin g ere efom witote (values frmodulatne andowit

rati bofth ases nltet fie ofanownintsty. wadiodc d e toH mtde mnodulanteniton. hlcrcfil.Sadr
Aw i thaexosur chafetes.c Aexprqunysgnlwsaple o sr Typicalthec sienstivityeinaiwsdied tcl (Frius

the adi frqueny surc as moulaion ignl ad 3a andle Inrscanderd intensit es anin from 10 d to 40 ) (is.
rTere signlato cctherstcks wterdtridInheE.2. The input meac esqaeaals had cdieftiong 2. wer the peomead. h

> ofe real anemen hwas 10 MFith a so hn cait an ad as m ace of To dee.in the pro e sensiti y heatsuemntm
Ipe. Tampit of the m nFg olt oinlsad justroed matweria plaarm ihu ltd modeucnstigo la ftinuenduivah
bt obaie, n 00lecrce moulaton Intest mapoduocee. lent mrplhing moartiviya honinale.o
in~' teepsrcalAlo-equency sga was vaidapply~on fo t iTed oT picrss , setion 0.5 sit0.ityan ai thcks ofe10rmecot aned
putevoltagesr(rmsnvalues)cfrom amllt di l dios w eec trfoamd boxesit sed Thein frmoe wa1 poe to a / rn
r easred sgandt the sums-i calfe. The snusImwedakn ae weavqe ofly aknd powe dellnit whoe ehe erformdv.
amersof the Otapitrsar ofn wthe acrcl ihntcapsitae The To wastprallels the oeleinterfitce. the irshaeom
IS mesuemnt ere epated t th re fieldaitesigwsauied moaitesity, wpaa meredw it he tes a obe moing oeuide
to. eoghto 10ensre moation , n d the modre ulwatng ofr theandtnieth hno material aloing apritvyasshew ir aeon of th

.... prob diods; vrite daitab n variability was .eeineu. wavs eictidence.5 The fielad itnes t the airphantmimad
put oltaes rms alue) fom al thee ipol dioes ter InStrfaeo was xrpoed frmThe measurped pont

sesresofLthesque in free eeti-elInnsis.Te otws paael noi the pha nt c. The electri iesit

The probe's sensitivity was deternined in air at ten fre. at the air-phantom snterface also can be calculated from the
'~. quencies In a range from 100 NIHz to 3 GHz, and In the Isl. measured incident field (without the model) as

.4', 2
., 3The Holiday IIE-01 p:obs was used without its sansdard Eo .E, 4 (1)

S prinmpliless.e7-/er
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TABLE II 3
T111 PtRM|TTIV|TV OF Ii PIIA%TO~lM UIERIAL U~tO I:

51"3111%* Ili., ME its' eI1%i5

Frequency (NH) Dielectric Constant Conductivity (Sm)

3h S 53 L4"-... ses''

2450 48 2.3 __"-------" "-r _'- ""___"'___ .8 -

where Ea is the electric.field intensity at the interface. El is t o
the Incident electric.field intensity, e' is the relative dielectric .. I ;
constant, and e" is the loss factor of the phantom material

W alisreo). Ga
The Intensity of the electric field in the phantom material ,, 1.1: j . "

was measured by the probe at a few points along the direction
of wave propagation and then extrapolated to the interface. 0o, - -.-..

If the voltages measured by the probe at the Interface are q v  0 30 o 0 0o
and UA in the phantom material and air, respectively (see Fg. 4. Nolse spectral density as a function of frequency for thlre
Fig. 7), the probe enhancement factor can be defined as probes. The ne.dashed tine Indicates the volan; at s pouer.ille

frequency of 60 He and Its hmortnics measured with system short.
a..'/aA (2) etreios; these values should be added to the values indicated for

were the three probes.whe pre~ o~yb "

and
'JA -A,,1 (4)

where Eo Is given by (I). The coefficients ast and oA are the
probe sensitivitlesin the phantom material and air. respectively. 106"

This calibration technique is essentially identical to that 1
described previously by Hill 191.

EXPERIMENTAL RESULTS

Noiseand Modulation Characterisfc$
The noise spectral density as a function of frequency for the o

three probes and short circuit is shown in Fig. 4. To obtain W * 3 ' Wesm coo V4

the total noise voltage, the noise for a given probe should be Ft. .nduition chucteristics-retaie sensitivity as a function of
added to that of the short circuit (the short circuit noise was mpiit ude modultins frequency.

subtracted from the data shown In Fig. 4 to facilitate clear
grapihical presentation). The Ine.frequency (60 Hz) contri.
butlonn, particularly the odd harmonics, are significant, and properties of the probe itself. Since the el:ctrical parameters
these frequencies should be avoided in selecting the modula. of the high.resistance leads and the shunt capacitance of the
lion frequency. The noise voltage decreases with frequency diode are not available, this point cannot be fully clarified.
p'rticularly fast at frequencies above 1000 Hz. The data On the noise voltage (Fig. 4) and the modulation

Fig. 5 shows the relative probe sensitivity as a function of sensitivity can be used to select the optimum modulation fre.-
the modulation frequency for an amplitude.modulated elec. quency which offers a maximum signal.to.noise ratio.. For
trilc field. This characteristic does not depend on the carrier all three probes, the optimum modulation frequency2 liIs
radio frequency and is practically identical for any probe of between 400 and 800 Hz (excluding the power.line frequency
the same model. The sensitivity changes little with the mod. harmonics). At these modulation frequencies, the signal.to.
ulation frequency up to about 200 Hz, and decreases to about noise ratio is at least 10 dB higher (when the amplifier band.
0.1 at approximately 5 krHz for the EIT and Holaday probes width is I Hz) than for an unmodulated RF signal.0

and at 2 kHz for the Narda probe. Further advantage of using mphitude.modulated radio fIe.
The modulation frequency response of the implantable elec. quency exposure fields in experimental dosimetry results

tricfield probes is determined by the resistance of the leads from use of selective ac rather than dc amplifiers at the out.
and the shunt cqpacitance of the diode, as well as the shunt
Input capacitance of the amplifier (II1. The modulation 2Thls may lefer to the specifc instrumentation system used (input
characteristics of the three probes presented in Fig. 5 seem P*Thmplisemr).

quit siila. sggetingtha sh rolof freueny i, i acThedo sensitivty of the prube was estimated by exleapotatine the
quite mar, suestng that the roll-off frequency is, in which seems to be the rst
each case, detcrnined by the input amplifier rather than the eas. A dc-300 kilt prarnplidfer was used in both cases.

LN
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put of the probe. Not only can higher gains be realized, but
troublesome zero offsets are eliminated (12 NM.A

Fig. 6, thows the probe sensitivity in air in IAVm, normal.
(ned to I (Vim) 2, as a function of frequency for a CW elctsric e

field. The points are the averages of three to five measure. j
ments performerd for various exposure fields ranging from 50

200 MHz was found unsatisfactory due to the voltage induced
Inth e high-resistance leads.

Tesensitivity In air wat measured In two different arrange.
ments without an overlap. A significant and unexpected in.
crease of the sensitivity above I GHz may appear to be caused

by~~~~~ ~ ~ ~ ~ an artfac Inteeprmna ytm oeetes
sitivilles ut 91S MHz (in the T11M cell) are significantly higher aeco.
thin In the flat region (100-700 MWz). Also, the sensitivities Fr11. 6. Sensitivity of tse probes in air In udVnm/(Vlml3 tot C% radio

.'~ at 2000 and 2430 MHz: were determined In two different frequency.
S wave guides. WR 340 and WR 284, respectively, which would

Indicate a trend rather titan an artifact.

Sesis'y In l7ssite .tterikals
Typical data obtained in the process of the determination of s

the enhancement factor or the sensitivity In the tissue phan.
tam are shown in Fig. 7 for the Holaday probe at 350 MHz.
The points thaw the measured values and the lines the least. -I

' ~ square fits using equations deseribing the electric field of theUs
N ~ incident (short dashs), reflected plus incident (long dash), and

Is dscr~ed y th reltioship(131IVA
th rasite (solid line) waves, respectively.' The electric.

fedIntensity in air (the reflected plus the incident wave) EA

san descird byI the daiostanc along thaiecino.poaa

. Ell %4 -pere2mtnsso d"Ataotse

inciden ies d efcind Teinenty o the elecagtioncoedoa. auto h'ssaeet atrfrseprb ntets
. inte pnto ma,:sthera disaequalon 1 he d13 tio ohftrn Iltda hi.ipob t 5 ta.Te ons hu h

tieaure valns The sols lire showsnc frhe thessqse lntrfte The ditncse
aep meae ~ fro te 1 2on whr E (teontnstyosth Fg.m.Anexsale of the experimental dta oine n he pocessh

Incident_____ fedisdfnd eInestofteeercfeld ongmdasheurveh u sheenl n facto o f o shtcre prcbe byrk to thse
I 4 -/iesrmeasvaludtains . The s octahc shows the least.suss i I h

squiarehsale to he-expeimentl data or the phidntom ilwThe

where -1 Is the propagation constant in the phantom material shue ft hto eermena).afrteIcietfed(ihu

2. 2sf/ V" - f. The enhancement factors and their standard deviations at Ik
The ratio of tho extrapolated values of the squares of the 350. 915. and 2450 M.Hz are given in Table Ill. These results

eleclric-field Intensities in the phantom matenal and air. i.e.. were obtained in the far-field offhalf-wavelengls dipoles placed
UMIlUA, is the enhancement factor. The sensitivity In phsan- in the soechaic chamber. The electrtc field intensity at the'

' tons material can be calculated then as (see (2)-(4)] interface was about 30 Vim rms) at 350 and 915 NlHz. and
as,, K~. (7)about 40 V/rn (rms) at 2.45 GHz. These values were limited

aA- by the available power of the generators and the minimum
4
1these values were ealeulated irim she measured incident powe distances required to obtain the far.field exposure condition.1:~,' denityandshecalulted:elecs'n reficertat he ar-hsnon The enhancement factor for the Nardi probe is greater than

material Interface, for the remaining two probes, as this probe has its dipoles en.

T !7 -or T~r~mI
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TABLE III TABLE IV
THE ENHANSC!EET FACTOR (A% I%,71111114~ SF%5ITIVITY) FOR W APPROXIM4ATE MITIMII INTESITIES (WITH THE SIO'4AL.TO.N01$t

PRoaES IN THE Tiesst PHAN'TOM M kT0EI5L: SHlOWN ARE RATIO 10) Of THlE EtEcTrc FOLft inTiss PHAN.TOM
?His AItRAGE A% 0 S TAN DA R DE I ATIO'5 (S D) MATERIAL MEEASLII! FOR 500 Hz MO5ILAtIOn AND I-He

BANDWIDTHI AmpLIFtiR

Ftqtny 3SMZ 91 ~z 245Gt frequency 330 MHz 915 MHz .2.4$ GHu
Hotaday INIEOI 6.1 a .28 2.24 a0.04 -

EI 79 7.2 a0.6 2.S6 ± 0.07 1.56 It0.08 Holiday IME01 0.23 ill 0.45 V/m-
Nd268 9.920.8 6.10 aO.31 5.22 t0.19 ErrT979 1.3 V/m 2.1 VImn,- 1.7 V/m

Narde 2608 3.0 V/m 3.8 V1im 2.4 V/m Ii

capsulated In a highdilectric constant material. However, The sensitivity of the probes In air changes rlatively little
for all the probes studied, the enhancement factor is frequency over a wide range of frequencies (100 MHz-I Ci). and Son.

orally inrae ihfeunyaoeIJ~.However. the
at each frequency at which the probe is used. An extrapola. seitvyinhetsu pato mtraldedsnte
tion for closely spaced frequescie:; is possible, as the sensi. exposure frequency, and the probes have to be calibrated at
tivity variations ate generally small., ntsu a specific frequency of operation. The estimated lowest in-

Cal~raton f te Iplanabl prbes phatom tensities of the electric field In the tissue phantom material
materials is subject to several factors affecting its sccuracy. thst can be measured with a signal-to-noise ratio of 10 using
These factors include the uncertainty in the intensity of the a lIlHz bandwidth amplifer and 500.142 amplitude modula.
incident field, the reflections from the nearby objects resulting lion are given In Table IV. The sensitivity can be Improved

instsndng ave, relecion frm th Strofam Or"on further by using an amplifier with a narrower bandwidth.
tamning the phantom material, uncertainty In the dielectric
prop erties of the phantom material, homogeneity of the phan.ACKNNOwLEDGMENT
tom material, alignment of the incident electric field with Assistance provided by G. Hartsgrove and S. Symons of the

4the phantom material interface, the uncertainty In measuring University of Ottawa is gratefully acknowledged.
the probe output voltage, the perturbation by the probe, and
the uncertainty In the probe positioning. some of these fac.REEECS
tots can be easily controlled, e.g.. the reflections fromn the III G. S. Smith and It. W. P. King. "'Eiectric-fihld probesIn material

media and their applications In EIC." IEEE Nnuim e t ero.
nearby objects have been practically eliminated as can be seen mosgs.COIpr vol. ESIC17. pp. 206-211. 1975.

In Fig. 7 where the measured values in sir very closely follow 121 G. S. Smith. "A eompauison of eleecally sheet bare and tnsu.
the heoetial elaionhip Simlary, he eflctins rom Iaedprobes fee measuring lisa local radio freqsency electrie
the heoeticl rlat~nshp. imilrly therefectins rom field In biological systemst," IEEE2eles. lonted En., vol. IBE.the far surface of the model are very small. 'The dielectric 22, pp.477-483, 3973.

properties of the tissue phantom material were measured with 131 -. "The eleetrnleld probe near a material interface w ith

not critically change the probe sensitivity, particularly for 1979.3 Insulated probes (2). The probes were positioned within :t 1 141 -, "Analysais of m~riature eletrte-fleld probea with resistive
mm. he ainsoures f eror hatreminedwer du to trasmission snels," IEEE Tranes. Microwavoe rhewy Tech., vet.

The ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~% mansupsoprorta eandwredet l~2,. 1213-1224. 1981.
the uncertainty of the Incident electric field, the probe per. isi H. Bassn. W. Heoman. and R. Hoes, "EM probe with fiber optic
turbaticon, and the uncertainty in the measured probe output. telemetrys' ystem." .fferoere A. vol. 20, pp. 35. 38. 39, 47,
This last factor includes the directional response of the probe 17.
Furthermore, when only limtited power is available, the senl: 161 H. Bauto. P. Hencbenroedent, A. Cheung. and S. Neuder. '"Evilu.

enas o t Iplantable eteceflfeld probe within finste sima.
S tivsty of the probe only may be sufficient to obtain a few data tated tissues." RCadio Sel.. vol. 12, no. 6S. pp. 15-25. 1977,

points in the tissue material phantom. This limitationi his 171 A. 11. Comic. 0. A. Hilt. and H. X'4 Acseiin. "Deumetzy fur
a study of effects or 2.450GHz microwaoe$ on mouse tstis."

affected the accuracy of measurements of the EIT and Narda Elecomagi.. vol 1. pp. 32.5-336, 1960.
probes at 350 MHz (Table 1ll). The worst cast calibration IIl T. W. Atisey and k. P. Cleveland, "Powen dep'osition in a bead
uncertainty was estimated to be within 10 percent (S0). The model exposed to hand-held UHF tsnatseevers: presented at the
standard deviations in Table Ill show that the actual measure. ChAn. eet BJloete19m82 . So.Abme) eAee.
ment results are well within these limits. 191 D. A. Hill. "'Wavelulde technique fur the calibration of miniature

Implantable eleeeesc-fleld probes foe uae In eeicrowsve-bioeffccs
Thee omerialyCONCLUSIONS studies," IEEE Denrt. .lfirrowene Theory Tech.. vol Sf1730. PP.
Theecomrcalyavailable ttiaxial electric-field probes 92-99. 1982.

have been Evaluated and calibrated for use in experimental 101.5.inhM.asi.BTr.0.Hsere.nd.Smo.dosietr at reqencis o 350 91, an 240M~z Onthe A computer-based scanning system for etermsenetle dosim.
dosmety a frquecie of50 91~an 240,N~z.On he etiv". EeL tani.. 1983. sccepted for publicatin.

balls of noise and amplitude modulation characteristics, we 1111 H. 1. Bassen and G. S. Smith. "~Electial field piobes-A review:'
concluded that the signal-to-noise ratio Increases compared IEE ChbAtna. rpga. o P ,pp 1-1.93

1121 S.S.Sucl. XBarsWl B. Tam, 0. flartsgrove. and S. Symons,
to an unmodulated signal: about ten times when the radio "A cnnmputer-contsoeled espetnmental system foeetromagnetic
frequency exposure field is amplitude modulated at frequrn. dasimetes'." is froc. JSh A.,ea. Conf. Sioenie. Efectror. So.

des etwen bou 40 an 80~Ms.Thepowe~lne ee. (astrract), June 12-17, 1993. Boulder, CO. p. I11.cies bewee abot 40 ad 80 Hz Th powr-Ue fe. 1131 C. P. Paul and S. A. \4ar. Inroduction to Elect'omagnetic
quency and Its harmonics should be avoided. Fields. New York: %eIcnta.Hl. 1982. 263 pp.
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7.2 D!STRISUIJON OF RAD1OFREQUEXCY ENERGYifl A
MiODEL OF MtANi- EXPERIENTAL. RESULTS

Dqpartmentno Eilgc lreneri a Engineern
Uontolle rte ofd Ottawa tAtaa neatri,

*il Radiation :.' Popto Bure.itin Hl etermane h

modul~ li~itrlomogeneof electric pfpriesd insid
exoI3eoed to pane wrAveat 3 ,Flm wited electie
Fietdi vector parall totte bodyR ar is amtn faitr the

wav prpagti ni eo mparlile t the bodlecaic
prloliproati w-Prsh tj o to heSR a mesu e
with iatinto fon.'eraat ful s±0i~ e of dan.Thh
moel sbi t nd hoogneus eleouriepcnal mrptethod wa
esesd yiin'o Pla-' wav t hi ih the electricA

waie ropation avectoiabOr p e torthenody ate w

with an ewimtodh' vules iti uer icallyy FDr a h
reliabiolty nm and',c urith tlmr ou xperimental med-as

obtained t ogamclyat 4j1' Hil. SigniFicant
di fere'nc03 In th. values of the local SAR were notel
betuen our data and the t.heoretical values (blockL
model) For both polirizatlons lr.:estigated. A good
agreement -with the thmermorapMi r.is'ilts was observed.

Our remlacltn:rly inEa the siM LetancA of
obtaining the SAR distribqtlon In a reliable-manner
tinder realistic conditions. 7qrthiermore, the method
developed is also suitanie for zeasurlhg the SAR
distribution in anatonilcilly r itc(bones, internal
organs) models tmndtm' iiria~yay expnore
condit inns.



*Exposure of Human Models in the Near and
Far Field-A Comparison

MARIA A. STUCHLY. ShNIOR 51miii R. if Fr.. ANDRZFJ KRASZEWSKI.
AND STANISLAW S. STIJCHLY. SENOR NIFNiilFR. IEEE

I bs'nuit-1 tie pcifc its,.rition rit (SARI owis mceisur,d on over in the tar and the near field at frequencies of 350 and 915
u~l i..ion.ni toi~..icnodc ( uncs~n.tinihrra .01n..rMlHi The whole-body average and the body-part average

% i hed of aniciois it 350 ind 915 Mitt. I itw ho.-,ic,erragisv. :ot A' ieas oprd sn iatrso eeec h
bosd?.parts acrie. ind iii. .trihutioin. or the ,siswsarc: CospiredSA %aelscoprduin atmoffrneth

for ihree wait polaialoiit , tic fir ind ihe nc..r-bhd crsp-tor-. output power of the antenna which results in the same SAR

I ti r h el tcd are discussed. antennas haive been investigated. the data presenied may

I. lrtniisii-rii~cbe iof assistancee in determining exposure limits for ports-
ble transmiitters. fIt partictilar. one of the antenias, namely

B IOLOGICAL etlects and potenttial health W1iards Of a resonaint dipole with a reflector. nisy be considered as
radii-frequenicy (1117 cleciriinetic wises have beii represening the tw)rst-cause conditions, as the energy

the subject of continuing insstigations since thle Second cistples very %%ell to file body,
World War and at time,% also a ,uibjkci of contrisersics,. *fie expoisure frequency sit 350 MHz was selected be-
Tii qiianil'y the exposure cionditions and the resultin re- cause (If thle previously reported greater than the whole-
sponses for vairious biological species. the specitic ahsorp- bod) average SAR in the head in the far field [131. The
tion rate ISAR) is used The SAR is diied as the rate at frequeticy at 915 MIHz is frequently used in various in-
wshich RIF energy is imparted it) the body Ill It is %%ell dustrial. scieniic. and nmedical (ISMI) applications. Both
recocnieed that both the while-bids- avera,, SAR. as well frequencies selected are close to trequences employed in
.ss thie spatial SAR distribution. are import parameters pitable and tiobile transnmitters.
affecting biological rearnses 121.

In recent years there has been a widespread and gri. - 1. MLsstjRr.siE.N:r METHOD
tmg use of portable and mobile RIF devices. The user of A compuiter-cont rolled scanning systent was used to pa-
these devices is exposed to RF radiation in the neair field Nition an electric field probe in a full-scale model of man.
of the anitnna. Hose~~or. recomnmendationso on RI' espi- The system is described in detail elsewhere (141, so only
sure limits are based on the experinmental data for the far- a brief description is; gisen here. The human model and
field espisuree and are usually formtulated in terms of the the scainning system arc placed in am anechoic chamber.
(ar-tield paraimieters 131, [41 Only general guidanice re- An optical fiber linik cinnects the electric field probe and
evirding tie SA R is given for the near-hield exposures 131, tile ailipliiier w ith thle remiaining electronic circuitry and a
141 'saIaible daita on the distribution of the SAR in lii- tmiinicoimpiter located omutside the chamber. The use of the
itlais or their mtodel% exposed iii the near field are very iptical liink greatly reduces RF interfereiice.
hontied 151 \lost of the analytical and experimiental data The miodel of itan used at " 50 MlHz \%us made of low. -

reported dealI with siiiiple models such as a slab 161 tir ai densit) Styriin (dielectric constant approxinmately 1.05)
sphierid 171-191 A block mnodel of iman exposed to a di- filled w ith .i semsiliquid mixture of the followving proper-
polo was also atmalyied 1101 Comtparisons of our es\peri- ties, the dielectric constant C=38 and the conductivity
mmental dat ito the calculated SAR \alues are the subject c = 0,95 Sin. Thle 6eontetrical shape ot the model closely
of separaite publications in prepairaion A cuinsiderabile approiimnateid anl aitaiinicall) correct aserage man with a
amount oif data is available on aseragec SAR's for hoth th0 height of 173 Lim and a %%eight of 70 kg. A pltsi model
tar- aind ii.ir-fleld conditions 11.1121 useid ii iini/iiig raidiatiiin disinietry (manufactu.-ed by

Ili his paper %%e compare our espc'riniental results of Aindersoii Research Laboratories Inc.. Stamford. CT) was
the SAR distribution fi a full-scale mtuodel it iman 0\pissed citiplosed to) prepare our niodel. The method of the maodel

preparation i, Illustrated elsewhere 151. At 915 MHz a thin
shell (I 5 imll model nmade of thermoplastic (dielectric

Stowou~spi tvceiea S Ptcnihi 1: 1S4 cci, \larh 7 1985 T, coinstant apliroximiiey 3) uas used, This model was eas-

ItiaS1" Ad %Vcitra CaJa alt th iwiwc .i S~vo- v ns, icr ltii prepare thian fie Styrofoauin model and more durable.
Rew'rcxo Counilto i aaa The imold was prepared by wrapping thermoplastic mate-

St S slcoub " wi h t. -11n rolo.i oeno Ntaioni "i rial around the plastic niodel using a heat gun. The RF
1.4I-l ioctare. Ot., ot fl~ndi MA its2
sK~. ina N 5-ij ,c -h irw m~ iodel was filled with a semiliquid material w&ith e' 37

tn mm~t) 4rw oii. ouOttawa , C.i a .M .nd a = 1.17 Sim. The electrical properties of the psan-

0018-9294,SIOS.)tlf9S01.0(( 19815 Il~rj:

- - - - -- - - --- - - - -
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torn material filling the models were selected to approxi- volume weighing factor following the prescribed rule (161.
mate those of the "average tissue," i.e.. 213 of the muscle The estimated uncertainty in the whole-body average SAR ,
properties [11). Both models were placed horizontally and was + 25 percent. Tables I and 1I show comparisons be-
were supported from the bottom on low-density Styrofoam tween the far- and the near-field exposures at 350 and 915
blocks. MHz, respectively. An input power to the antenna that

The electric field intensity was measured by an implant- results in the same whole-body average SAR as exposure
able triaxial electic field probe: an EIT. model 979. The to I mW/cm in the tar field at the same frequency is given
probe was fully characterized and calibrated prior to the for various antennas in the near field. At 350 MHz (Table
experiments 115]. and its calibration was spot-checked I) the measured value of the SAR in the far-field for the
during the course of the experiment. The SAR was cal- E-polarization is very close to that given in the handbook

tulated from the measured electric field strength (SAR = I111. as well as that calculated for the block model 117],
E" eai. E is the rms value of the electric ticld strciigth a However. for the H-polarization the difference between the
is the tissue conductivity. a is the tissue density. p = experimentally determined SAR and the handbook [Ill
I gIcm'). The uncertainty in the SAR was estimated at ± value is greater than the measurement uncertainty. Simi-
dB. and was mostly due in the calibration uncertainty of larly. at 915 MHz (Table II) both values for the E-polar-
the probe [15). The measurement repeatabtlity was within itation are very close (within 10 percent), 1ut a larger dif-
±0.5 dB. For each exposure condition investigated. the ference occurs for the /1-polarization. An exact explana-
SAR was measured in over 650 locations within one-half tion of the existing discrepancies is not available at pres-
of the model. ent. Two observations may explain this lack of agreement.

For exposures in the far field. the human model was Theoretical data given in the handbook 1111 for frequen-
placed at a distance sulficiently large to ensure the far-field cies above 200 MHz for the H-polarization are based on
conditions. The distances were greater than I and 0.5 m. an analysis of a greatly simplified model. namely an infi-
350 and 915 MHz. respectively. A complete map of the nite cylinder 1181. Despite the fact that these calculations
pouer density at the plane of the model of man facing the correlate well with calculations for spheroidal models at
radiation source was obtained for a given placement of the frequencies below resonance 1191. it appears that the dif-
source wthout the model in place. The correction for the ferences in shapes between the model and the actual hu-
nonplanar wase front (amplitude only) was incorp'orated maln body are important for the H-polarization at these

in the computer program that normalized the mcasured frequencies. Previous measurements of the SAR of human
SAR salues to I mWem" of the incident power. subjects showed the differences of a factor from 27 to 3.9

Antennas investigated in the near field included: a res- frot the calculated valves for a spheroidal model (in that
onant thalf-waveleigth) dipole, a resonant dipole with a case for the E-polarization) 1201. Errors in the average
metal reflector. and a resonant slot. The antennas were SAR calculations from our measured data cannot be ex-
matched to a 50 Q transmission line at the test frequencies eluded, but do not appear likely to be greater than the
w th the model of man in the test position). The power estimated 25 percent. as the procedure was verified for

rellectcd from the antennas did not exceed 5 percent of lossy dielectric spheres and chnders.
the incident power in the w orse ca,. The slot antenna at The whole-body average SAR depends on the antenna
350 MHz was 42.8 ciii long (hall wavelengilh). 3.) en, type (Table I). and fir the same antenna type is nearly
w% ide. and a metal reflector was at a ditance ol 16.2 .m propoonoial to the antenna gain, as illustrated for the di-

At both Irequencies for the E- and H-polarizatlolls the pole and the dipole with i reflector As the reflector dou-
antenna axis "as parallel to the model lon axis. At 350 blis the gain. the input power is reduced by a factor of
Milt the antenna .enter was Iom.ited at 103. Q,7. and t50 (1 two. I ltomcsr. I slot. which has a gain of 4.9, is much less
em trom the leet base for both dipoles, and at 85 cut tar ellient in depositing the energy into the model The range
I'- slot. In the A-polarization the dipole was loa.ited along (f the input powter gisen in Table I for the dipole in the E-
tie hod) icrual axis, 14 cm a.bove the head. At 915 MHe polauation rcsults fronm variations in the verikal place-
the antenna center was located 137 tit, trust the icet base. intn .f the dipole. 1co.ause of the hod% cursature (e.g,.
The %armous positions were selected either to represent neck) the distance betwen the antenna surface and the
t)pieal practical exposure situations 137 A..n tor the bod) aries. esn thoueh the antenna axis remains at a
dipo!es-ponable transmitters. h5 .m lor the slot-a leak) constant distance of 8 coii For the dipole %ss h a reflector

cabinet) or test effects ot the %eilical ,intena placement. at 350 MHz. practicall) all the pow&er deli'. cred to the an-
The model of the human bod) was expow4d to RF ra- tenna is absorbed in the model. which is not surprising in

diation incident irom the ba.;k tor the far- and the near- sicw of the good matching of the dipu!e. small distance
fieldexposures. Since the modei isashomogeneousiliegee- from the model (d'X = 0 09) and large size of the reflec-
netrital dtffercees betwccn the Iront and the back were tor This configuration can be oonsidered as the worst-case
relatively small. exposure condition, as in practical situations. e.g.. for

portable transmitters, the antennas are designed to radiate
Ill. AvFsar SAR power out. The wave polariration does not ,em to play a

sery significant role in terms of the equivalent input power
The whole-bd) asrage SAR was alkulated b) a suns- in the near ficld tor the exposure undititons used in our

niation of the locally measured values, incorporating the experinnenis.
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TABLE I
ILTHE INPvT POWER TO TAR SlA IN THEAR KFilLD loll TAR Waol.

BovT ASEKAGE SAR EsuoLTO THAT FROM ENFOSLAF TO A PLA'.f WANE AT
350 MHz AND I zoW/CIT)(SHOW' IN BkAClLTS)

TABLE I]
TIr.Is it PoWiR toTo, ANlUSNA IN THKAR rill r 1)101K TIF.WIAA.R.

BODY AViENE SAR CORAL To THAr olm EXIALIE TO A PLANE WAVE AT ~ ,
_ _ 915 Mtz of ImW/cm* 514owN BACIIPcSi

TAL III ~ .. ~O
TEIPTTiFNttIN TOHII v'tA *)5~o 0)0 N!rv~wrA INS

_H PDEAA 4 HtFRIEXKII oAP sWVO _ _I
(*4M is OR -A_ ___

The SAR measured by u.- in the head at 350 MHz and IV. SPATIAL DisTRauiBolIN OF SAR
teEplztofor t hfa-ilexoueconditions Both far-field and near-field exposures at the two fre-

(Tale 11)is n god gremen wih te vluecalculated queciesIC insestigated produced highly nonuniform spatial
forth blckmodl 131 I th nar ied. s or hewhole- patterns of the SAR's. For both exposure conditions. the
bod avrag, te geatr he ntena ain fo agiisen SAR decreases exponentially in the direction of the %Nase

typ ofantnn. te saler npu pwerto heantenna propagation bor the body pans wshose radii of curvature
resuts n te inieSAR s ImW/m . oftheincident are comparable to the wavelength. i.e., in the torso at 350
powr dnsty n he irfied.It anals h noed(Table NlHz and in all major body pants at 915 %IHz. Further-
111)tha abut hre an tw ties essinpt pwerto the ore, the attenuation coefficient is equal to that of a 'saie

antenna than for the sshole-body aserace SAR is needed propagation in a semiinfinite half-space having the same
to obtain the same SAR as in the far field for the E-polar- dielectric properties as the nmodel of the human body.
izetion at 350 and 915 M~lz, respectiisly. For the dipole Table IV show-. the input passer for various antennas in
With a reflector at 350 MHz betwseen 0.9 and 2.1 W of III: near field that results in the same maeximum SAR at
input passer deposit the same aseragc SAR in the hleed e, the body surface as for plene waves of I niW/cm' at 350
I ts\Vscmll for the plane wase. and 915 MHz. It is evident that the SAR at the surface
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I' TABLE IV
THE INPUT TO) THE ANTPNNA IN THE NEA& FiEw Fea THE SAR ON THE BOOT
SURFACE EIJUALTO THAT FROM EXPOSURE TO A PLANE WM 9 0FI mEW/CMt

tSHOWN INt BRACKETS)

044 'vks 110 1.71 "1, 0.1 Ik Il -

can be as high as that for an incident power of I mW/cmZ V5 O

(in the fur field) for an input power to the antennas of order
of 0.1 to 0.2 W. if the antennas are pluced close to the 120

The spatial distribution of the SAP. in the whole body is 2
illustrated in Figs. 1-6. The experimental results are pre-
sented in three different ways: first, as local SAR values %00
measured at locations shown In the midsection of the body a-
(Figs. I and 2). second, as the averages of the local values 75
along the direction of wave propagation between the body
surfaces in a volume corresponding to the diameter of the 5
measuring probe. i.e.. 0.9 cm (Figs. 3 and 4), and third,
as5 the averages of the local values measured in various 2body cross sections perpendicular to the long body axis
(Figs. 5 and 6). 0 ) - .

Figs. I and 2 show local values of the SAR In the body 01 la 1.

midsection at 915 MHz for the E- and the H-polurization. I./Z

respectively. Exposures in the near field result in very lit-
tke energy deposition in the lower torso and the legs, which
is understandable in view of the location of the antennas
in the upper torso region. In the E-polaricstion the maxi- ,.

mum SAR's for the far- and the near-field exposures are
at the same site (Fig.l). but not so for the ft-polasrization, I 1
for which the maximum in the nest field it it the antenna t' - IO.'I
axis (Fig. 2). 'A'

Figs. 3 and 4 show the far- and near-field datta at 350t
Mliz for the E- and H-poldrizations. respectively. The- X
SAR values are averaged along the direction of the wave I, ,I

propagation between the body surfaces in a volume cor-
responding to the measuring probe diameter (0.9 cm). I

Some energy is deposited in the lower torso and the legs I
in the near field, but relatively little as compared to the far
field. One interesting and impotant feasture can be seen
in Fig. 3, namely that the maximum SAR occurs in the
neck for both the far and the near field for the E polari-
and at frequency of 915 MHz. where the maximlum SAR
occurs at the antenna axis for the near-Ried esp0sures. Fig 1. The I)Wfice abilti rate (SAI Ilkical A the41401 S A-A

as Nlid liletl aCnd 8.8 Am% ldashd linost. located jin thle boet mid.
Fig. 5 shows the SAR averaged ovei the tissue cross setim -iaatmionj - 915. Siz. (a) The far-ield exposure ad 4b)

sections perpendicular to the long body axis at 350 MHz the nearthdd etilh~ure 1.i a OrtoHAHI dipole .AIS a reflctior,
for two polarizaiions. The shift of the SAR miaximnum fromt;
the dipole axis to the same position as for the far field is cross sections. Similarly as with the local SAWS, the con-
clearly visible for the dipole in the near field and the E- centration of the energy deposited in the vicinity of the
polarization even when SAR values are averaged over body antenna in the near field is evident.
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AComparison at 915 Mliz for the E-polarization is given 175 -..... ~.
In Fig. 6. Here the localized SAR pattern in the near field
is even more pronounced. The maximum SAR for the near- ISO
field exposure is near the antenna axis.

An interesting comparison between the near- and the V I
fair-field exposures is provided in Fig.7 which shows the
spatial distribution of the SAR in the neck. The local val-
uea in ihe midsection are shown. In the far field the max-
imnum local SAR occurs cloae to the center of the neck.
However, in the near field the maximum SAR (above 5S0W
mW/kg-W) isat the neck surface upon which the wave is
incident. andi only a small increase in the SAR (SAR
35 mW/kg -W) occurs in the neck center. The result ob-

tained in the far fedis in agreement with theepeen-

technique 1211

V CONCLUSIONS iS. -A, k

* tlixperimeiially oibtained data on the rates Of energy ig 6 The ipeuiw Aipi. r.1 ISAR) drapd,. er ilaW 6)"'. pet.
depioition in a model ol the human body exposed to ltF iiiiiwitiat to. iii. tmd axii. k riasauaafIS.91 Uta, Aj la tar.

Witt enpawre. dasba in. ha' ar-Sdd expowar io a dip* wai, a rgase
fields at 350 and 11115 MHz have been conspared for near- air. 5cm irsmi ihu kkW5 saria~ 137 ni ira.th iel baa

* and the far-field exposures. Comparisons have been made
* in ierms of the output power of the antenna in the near
* hield required to obtain the sanse average SAR's tor the

%%hot- body and body parts as when exposed to a plane field is needed (only 0.2 W),~ to obtain the same surface as
wave of I mW/cm2 in the far field. Spatial distributions ot for a plane wave of I mW'c;m in the far field
the SAR have also been compared. The spatial distribtitionm of the SARl resulting from the

The antenna output powers for a given whole-body and near field and the far field are very similar in the viceinity
bodypais average SAR's depend on the antenna type (di- of the antenna (for the near-field exposure). Predictably.
pole versus slot), antenna gain, antenna distance from the in the near-field there is relatively little energy deposition
body surface, and to a lesser degree, on the antenna lo- in the regions nmade from the antenna.
cation with respect to the body and the wave polarization. The internally located nsaxima of the SAR for our model

At the two frequencies investigated. 350 and 915 MHz, are usually sonsewhat liaer for the near-field exposures
the SARl decreases exponentially in the direction of wave than for the far-field exposures resulting in the same whole- '

propagation in all body part whose radii of curvature are body average SAR.
comparable to the wavelength. In some typical configura- The comparison data presented can also be analyzed
lions relatively little input power to the antenna in the near from the standard setting poiint of view and in evaluating
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Energy Deposition mna Model of, Man
In the Near Field,
Stanislaw S. Stuchly, Andrzej Kratzewskl, Modsa A. Stuchly,
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Tie sW1atiadbutat of the spofle al'norptton rate ISAR) %*Au rvanured in a full-nwale
ftedl oma s inti implantable elerlo 1lW prto.. The mkl- %~a% expwd in the near.

field of intesurand avnarc antennas it .150S NH,~ Effieetsoft %ase ptlrimotn. mneni
ponittont and antennta Sitin the SAR,161nboxiotn wn Ite aeral SAM III the tholeCld.y
and body puts are rationed.

Key words: radlnifrnqunoy. desilissim), near-fleld tnpare. SAR dhlributln

p INTRODUCTION
'The av , 'aevcific absorptu~c -3to tSAR) has been used in quantifying biolog.

ls effects of radioftrequency (RF) fieldls and formulating exposure standards [Cahill.
1913; ANSI. 19821. Furthermore. it his also been recognized that the spatial distri-
bution of the SAR inside an exposed animal or human being plays an essential role in
resulting biological responses. Considerable amount of data has been accumulated on
the average SAP. obtained through calculations and-measurements. particularly in the
far-field of antennas (Dumey. 1980; Stuchly. 1983: Stuchly and Stuchly. 19851.
However, relatively little information is avatlable on the SAR distribution in the near-I

V. field of antennas, even though such exposures are common in practice due to a
widespread use of portable and mobile RIF transmitters.

Theoretical analysis was previously performed for spheroidal models of man
exposed in the nmar-fleld of a short dipole (Iskander et *1, 1980). a small loop
(Lakhtakia et al. 1981). and a small aperture (Lakhtakia-et al. 1982). The limitations

2 of these studies in terms of realistic exposures are apparent because of the simplified,
mudel and electrically small antenas used. A black model of.a man exposed in the
near field of a slot antenna [Chatterjec et al. 19801 and monopole and dipole antennas
~Spiegel 19821 were also analyzed numerically. In thewe cases the SARs %~ere calcu-

F IasLd w"'Y.. relatively large tissue volumes, typically 300 cm).
An alternative approach. which is also most likely to provide accurate data on * I I

the spatial distribution of the SAR, employs implantable electric field probes and full-

Reotived for re% kew July 9. 1484: revisioa reveis ed Devvember ItS. 1964.
Addess reprint requests to Dr. S.S. Stuchly. Depanairat of Elemtical Engineering. Unitersity or

Ou~.7701Kino Ednard Attune. Ottawa, Oat. KIN 6NS. Canada.
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scale realistic models of min [Athey and Cleveland. 19821. Acquniisitipaiaoisnbtn oofh A n uhmdl kgei infomain

Pitomaited scanning system under cnluter control is used IStucthl ..t al. l983b1.'
For several reasons, the implantable probe, technique %kus selected rather than

the previously developed zind succes%flly used thermographic technique j~uy. 1971:
Guy et al. 19761. One of the main limititions of the thernioraphic techniques is that
high intensities of the exposure field are requ.ed. %o that a thernographic Stan can
be taken no liter than about 20 safler the comnmencenment of the irradiation. This

* difficulty is pltrticularlyv pronounced for near-fleld exposures and Ijir t'ull-,tile miodels.
Furthermore, the probe technique with advanced electronic circuitry provided a w~ide
dynimic range of over 20 dB and an excellent spttial resolution. The thermogratphic
technique, tin the other hand, is much 14,ter and provides a complete picture of the
SAR distributioE. in a selected cross-mection.

4 In this paper. we present data on the spatial distribution of the SAR in a full-
. . scale homogeneous model of man exposed in the near-fleld or lineair and aperture

antennas at 350 MH.. The frequency of 350 NlHz was selected bcause head
resonance at this frequency has been previously reported Illagminn et al. 19791. and 1
because portable and mobile trainsntters are operated at or near this frequency. The
antennas selected are typical for practical exposure situations. i.e.. a resonant dipole
and a resonant dipole with reflector as representatives of linear antennas of radio
transmitters, and a resonant slot with a reflector ais a representation of leaky housings%
of RF generators. .p

MATERIALS AND METHODS
Experimental System

A scanning system consisting of a mechanical structure for supporting and
positioning of an electric field probe and a computer system for control of the
experiment, data acquisition. storage, display and recording is des.cribed in detail

elsewhere (Stuchly et al. 1983b]. In brief, the probe can be positioned at any selected
location within a volume of 2 m x 0.5 m x 0.5 m with an uncertainty of 0.05 mm.
The scanning system with the probe are placed in an anechoic chamber to limit
connected through an optical fiber link to the remaining electronic circuitt) outside I
the chamber.

To measure the electric field intensity. an implantable tria'tial probe E!T 979
was used. The probe had a dilameter tor 0.9 cm and a sensitivity in the tiksuc phantom
material of 3 1sV/VOIm ) (Stuchly et al. 19841. The probe was cimlihrated with an
estimated uncertainty oft* I dB. With the electronic circuitry utilized it wsas possible
to measure the electric fields equivalent to SARs iteater than 0.2 mWlkg with a
signal-to-noise ratio of 5.
Model of Man

A full-scale model of an anatomically proportional average man (1.75 mn, 70
kg) was constructed from low-density Styrofoam sheets 2.5-cm thick. wshich were
glued together. The mold was poxitioned horizontally and partly open in the torso
area, and holes 'arge enough for inserting the probe were drilled in other locations.
The 'mold was filled with a low-viscosity. water-based mixture hasing electrical

6,~
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properies of the average tissue e.g. equal to 2/3 those of muscle. At 350 MHz the I ;:
dielectric constant was 38. and the conductivity 0.95 SIM. .

Antennas and Exposure Conditions. , I

Two linear antenna. tested were a resonant (half.wavelength) thin dipole and a
resonant dipole with a retlector. The lengths of the dipoles were adjustcd to enure
impedance matching to the 50-n feeder. whil the model of man was placed at the
test position closc to the antennas.

A resonant slot with a reflector was used as an aperture antenna. All the antennas
were well matched (VSWR 4 1.21. Dimensions and es.ential electrical paramctcrsof th antenna% are summarized in Table 1.The antennas were placed 8 cm from the model surface at various locations

close to the head and the torso for the two polarizations investigated. i.e.. the E
polarization (the electric field parallel to the vertical body axis) and the H polarization.
The distance of 8 cm seems to be realistic for typical practical situation,, of ionable
backpack radio sets and hand-held portable radios. For k polarization, the dipoles
were placiid on the axis of the body 14 cm from the head, in which case the wave
propagated from head-to-toes. For convenience., the model was positioned horizon-
tally with the antenna placed underneath (for E & H polarizations) (Stuchly. 1983b).
see Fig. 1.

To characterize the exposure conditions, the electric field was measured on thedipole axis in the absence of the model. Figure 2 illustrates the sq.uare of the total

electric field vs distance from the antenna. The model was placed at a distance of 7.6
cm, corresponding to 0.09 of the wavelength in free space. Even though this could
be considered as the near-field, it is clear that the contribution of the electric field
components, other than those whose amplitudes decay inversely proportionally with
the distance from the antenna, was very small.

Calculaton of the Average SAR

A curve-fitting method has been developed to facilitate calculations of the.
average SAR for the whole.body and its pans from the acquired values of the local
SARs. The electric-field probe could not be positioned very close to the bottom .,all
of the model (the probe was introduced to the model from the top and normally wus
scanned down in the direction of the antenna to a distance of approximately 2 cm

from the bottom wall of the model). Since the model was irradiated from the bottomand. in nany locations, the SAR decrtvases with-the distance along the direction of
propagation, it was essential to include the SAR values in the volume adjacent to the
bottom wall in the calculations of the average SAR. To accomplish this task. the

TABLE t. Plrameters of the Test Antenns

Rtesoant Resonant dipole Slot with a
Ametal type dipole with a reflector etlector

Length (cm) 37 37 42.5
Len.4v'ipwaselength 0,43 0.43 0,50
Diameter (cm) 063 0.63 -
Width (cm) - - 1.6
Reflector distance (cm) - 15.0 18.0
Gin 1.64 3.25 4 87
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jilI
Fig. 1. Gcr. icw ofte xeliniuI s~gcm in the~ anehoic Owiscr:. ta) incchik~ chai.r. tb)
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experimental data %ere extrapolated into that volume by a least-square curse titting.
In the majorit% ot cases. e.g. in the torso, the SAR t~osin cvpOnentii function
along the direction of\vde;e pwopagation. Theretfore. an exponential function \%a% fitted
to the dua impints, and the SARs in the \olume close to the motdel \%all %ere calcula~ted.
Where the SAR changed in a less regular fashion. e.g.. in the head or lep. other
functions such us pilvnonaiis \%ere fitted to the data. The eiptilated values of the
SAR %%ere used together with the experittentally obtained vlues fotr calculations of'
the averages.

To calculate the userage SARs. the aegeSARs in tsenty body cross-sections

to the mai botdy ,ais. Seve~n cross-sections werelocated in the head .and ned.. Ai in
the torso and seven in the legs-. the posittons of the cross-sections correspotnd to the

ponsshown in Figure 3. The distances between the cross-sections %%cre frotta 4 cmn
in the head to 10 cat in the legs, For each of the cross-.sections the SAR data svere

axsteSAR values (either measured or extrapolated close to the body surface) were

spaced I cmn apart. It is evident that the calculation of the average SARs wats more
a accurate liar the head thin lfar the legs. To evaluate the uncertainties in\ olted in the

averaging, the .average SAR was calculated for a 16-cm diameter dielectric sphere
and compared with the calculated value. Three cross-secltons and three axes %%ithin
each crovs-sectdon were used. The cstimaAd uncertainty for the calculations of the
average SARs. is, about = 25%. even thou&,, much better agreement %as obtained for
the sphere.

To calculate the whole-body average SAR the commonly used -rule of nines"
(Ricci. 1967) was applied. i.e.. the contributions by weight of the various pants of thet

~~Z-,-* 4*
Fig.3. Rnant dtplc %ith relc. Tedit4 no t he 444 rc*hipo rt SRIi he

crsssetin of the 4 444y freqenc -4 350 Stll poattin E L p4, o h

te- Mi an diol at x 3ImfrmteCa.O
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human body were as follows: head and neck. 0.09: upper torso. 0.18; lo%%er torso.
0. 18; arms 2 x 0.09: upper leip. 2 x 0.09; lower legs 2 x 0.09. The average SAR'.

* were calculated for each body part. then multiplied by the weighing fictors and
summed to obtain the whole-body a~erage.

RESULTS

The electric field inten'.ity was measured, and the SAR wui calculated in oser
650 locations within a half of the model for 9 antenna locations and sarious polIari7U.
tions. Each complete scan was repeated at least three times by using ditferent input
powers to the antennia, or on different dayi. All the results shown are averages. the
repeatability of the data was well within :t 0.5 dB.

A typical distribution of SAR in three cross-sections of the body is shown in
Figure 3 for the resonant dipole with a reflector placed 8 cm from the back of the
model and 137 cm from the base of the feet,

Variations of the SAR along the direction of the wave propagation on the

are illustrated in Figure 4. The same data for other antenna configurations are
* I summarized in Table 2.

Figures 5 to 10 show the spatial distrtbution of the SAR along the two body
axes, where the SAR is averaged over cylinders perpendicular td the points shown on*
the graphs, contained between the body surfaces and having a diameter of 0.9 em (the
probe diameter). In essence, each point represents the area-under the corresponding
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TABLE 2. )ladimum and.NMean SAR Along the Direction of Propagation. 'A hne-Body Aserage
SAR, and Attenuation Codejcent (B) for Antennas in the Near.Field

* SAR(mWjkgt

Point)- X.
*Antenna cation (com) max' Mean WB Ae B. 8± 3 SD

Resonant E 103 IM010 8 6 100 8.1 - 0.567 10.011 i
dioe E 137 494±3.1.5 50 63 -0.464 j0 (X)9

Reoat H 137 1053 ±193 96 6.4 - 0.315 t 0 027
Riolent E 137 2292 t: 330 139 24 3 -0.464 j 0,01.1

areflector

'The~ distance of the aintenna axit tram the model (base) fee.
"
T

hliasntaimuoi doe nt necessarily correspond to the absolate mauximumn anywhere alotg the body

axtis, but represents the maximam at the xt position indicated in the table.
"WIB Avg. a whole-body average. .

1.50

1; 

A.
0. 75

0.50

0.25.

0.00

Fig. 5. Resonat dipole. The mean values (averaged over 0.? cm DIA cylinders perpendicular toathe
body atis) of the specific absorpion rate (SAR) in a number of locaioas along the selected axit:
frequency a 350 Mle. potuhzatton u E I L. power to the antenina I W. dipole at x 1 56.5 em
from the base (feet).
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Fig. 9. Reworant dipole %ith trellectr. The loal-4 naluci of the 'pectfic ab'orption rate ISAR) il
the NeeWe a) ant.. treqaaency -. 350 NIH,. polaritiaoan -k IIL. power to the antenna - I W. iV
the dipole 14 cot horn the head.
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Fil. 10. Resowit slot. The man values (aversacj over 0.9 cm DIA c.lin Vrp niular it ih

body aW s) o( me sp c ic absorptin rate (SARI in 4 sumber of I J,ion. Along the s oh,'tes' 6iZ
fr qietwy - 350 MOIH. poi.ariuiot - 5 I I L. pooer to the niaae - I W. tat te - 85 cm from
the base (fect).

curve, similar to that shown in Figure 4. divided by the distance betWen the body
surfaces. For instance, the point on curve A.A in Fig. 6 for the height of 137 cm was
actually calculated from the data shown in Figure 4.

The distribution of the SAR averaged over horizontal tissue layers along the
body'vertical axis is shown in Figure 10 for the resonant dipole and the dipole with a
reflector, both in the E polarization. The same distribution for the dipoli with a.reflector for the H polarization is shown in Figure It.The average whole-body SAR and those for the parts are summarized in Table

3 for all cases tested, except for the k polarization.

DISCUSSION

The spatial distribution of the SAR in body cross-sections is highly non-uniform
for all antennas and their locations, as illustrated'in Figure 3 for one of the cases
tested. This is characteristic for all tested situations.

For all nine antenna configurations tested, the SAR decreased exponentially
along the direction of the wave propagation within the first 10 cm or more, as shown
in Figure 4. In some cases small deviations from the exponential behaviour of the
SAR were observed at greater depths, particularly in the neck and the limbs, but their
magnitude was at least 50 times below the maximum SAR on the irradiated body
surface. This behaviour is analogous to the behaviour of the SAR distribution for the
far-field exposures at 350 MlHz IKraszewski et al. 19841. The attenuation coefficients
(B), for various antenna configurations are very close to each other, as illustrated in
Table 2, and very close to the theoretical value B - -0.49, as calculated for a plane

%
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Fig.11I The ma so orr petc'eaonrate icARI 5ftr hwitoal tisc 1aye.aimg ite
vertical body axis: freqsncy -MOWii ptimuiutawt - r I tL fmi~cr to the antenna - I W. iltpile
at% 137 cm from tlsi baoc IfecotaI) revotnt dipole. kb) rocmiuatt dipole %ith a eclectot.

TALE.Netar.Fleld EPeriments. The WhctleNoty Amer&,,e SAR (mWZlt) and Amgt SARs
Antentua cottfieurawtn

Bod pat esoeddioe - 137 cm .etor

ElIL. 511 L. F1lL. H11L. ElIL.
I 156.cm x -137cm x - Okm ii -137cm B1lL H11L x - 87 m

Head &trwk $10' 27.1 02 2.9 41.i 4.7 1.6
upper torso 2.S 13.7 66 30.1 42.9 650 0.4
Arms 2.4 2.9 3.0 2.S 66 3.1 12.3

Legs 0:6 O~i 0.4 02 1.5 02 4
Whole boy 66 63 8. 64 14.21 13.2 6.7

-30MHz. input poser to the antenna I W.

'Miliwaut per kilogram

VA
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wave of the same frequency incident upon a semi-infinitc tissue lacr h.%ing the

., electrical propertics of the aerage tissue. The ohsemed exponential decay of the
SAR with distance is not surprising in ,iw of the changes of the incident electric
field with distance. The incident electric field. as shown in Figure 2. varies nearly
inversely proportionally with distance at the loca-tion of'the model.

Because of the exponential de.ty of the SAR with distince IFig. 4). the m.ean
values of the SAR distributions can ic, easily evalutted. Scsral features of the energy

I deposition in the body can b obse ed. The highest SARs were close to. hut not
always on. the axis ol the antenna. When the antenna w"s positioned close to the
head-neck region and for the E polarization. the maximum SAR shifted off the dipole
axis towards the head. as illustrated in Figures 5 and 6. This feature w-,,. chtrcteristic

,, for both dipoles. the resonant dipole and the resonant dipole ,tboe with a reliector.
However. for the H and L.polariations (Figure 8 and 9). the maximum SAR was on
the axis of the dipole. The same holds when a dipole rtdiating with the E.pol-rization
or a slot were placed close to the lower tor.so (Figures 7 and 10).

The maximum mean values of the SAR were about 100 mnWikg per I W of
input power for the resonant dipole with both the E and H polarizations (Figs. 5-7.
Table 2). but only about 20 mWikg for the slot (Fig. 10. Table 2).

6 The maximum mean SAR value for the k polarization was at the top of the
head. i.e.. at the irradiated surface fbr both dipoles tested (Figs. 8 and 9). How ever.
in the neck srea there was a small increase in the SAR. approx. 5 mW;kg for the
resonant dipole (Fig. 8). and approx. 10 mW/kg for the resonant dipole with a
reflector.

The slot created a broader SAR maximum in both directions (only oine direction
Is illustrated in Fig. 10). It can also be observed that for the dipoles, and to a Iesser
degree for the slot, changes in the mean SAR along the vertical body axis were quite

, rapid, typically more than an order of magnitude within 10 cm.
The general shape of the SAR distribution along the vertical body axis was %I

." preserved for all antennas when the SAR was averaged over horizontal body layers.
as shown in Figure II and 12. Once again, it should he noted that in a similar manner

.,* as for the local SAR distrtbutions and those averaged over the cylinders lFigs. 5-10).
the SAR maximum was on the dipole axis (Fig, 12). except when the dipole was
located close to the head.neck area..

For linear antennas, the maximum SAR averaged over the tissue la)ers was
very close for the two polarizations (E and H). with slightly greater values ( I5-
20%) for the E polarization. This point 'is illustrated in Figures II and 12 for the
dipole above with a reflector located 137 cm from the feet base.

For linear antennas, an increase in the antenna gain was nearly proportionally ;Z
reflected in an increase as the local and average SARs, This point is illustrated in
Figure 11 showing the SARs averaged over tissue layers for the resonant dijiole and
the same dipole with a reflector. Further illustration is given in Table 2. for instance,
for the H polarization and x = 137 cm: the ratios of the maximum, mean. and whole
body averaged SAR for the two dipoles are 2.5. 2.6. and 2.1. respectively vs the gain

, ratio owt2 (Table ).
* The average SAR in various parts of the body. as expected, depends on the'." . ~position of the antenna with respect to the body and to a certain extent on polarization ] .,"

%

(Table 3). Whenever an antenna irradiating the body with E.polartzation is placed
close to the neck. the head-neck SAR is significantly increased, but this increase does
not occur with H-polarization.

%K
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Fill 12. Resonant dqpolc vdth a rsltvra. The nwao matues or t spic abvorpit rate ISARI for
pmer tothe Atrtaa I Wdpoe ats. aI37 cmtemthe bow Owni. b

The whole-body average SAP. (Table 3) is mainly determined bythe antenna

pain and to a much lesser degree, by the antenna location. The dependence on the I i
antenna location basically reflects the dependence on the average distance to thle body
surface. It should be noted that the antenna axtis was always 8 cm from the body
surfisce. but because of the body curvature. the distance between the antenna surf'aceI
and body surface varied for different antenna positions and polarizations.U One question related to the ner-fleld exposure is worth addressing. According
to the ANSI recommendations (ANSI. 19821, the upper limits for near field exposures
are an average SAP. (whole-body) of 0.4 Wikg and a spatial peik SAR of 8 W~kg as
averaged over I g of tissue. At a frequency of 350 MHz. the output pouer of a
portable transmitter has to exceed 25 W for the average SAR to be abo~e the limit
for practical distances of 7 to 10 cm for the antenna separation from the body surface.
However, only about 4 W appear to he sufficient for exceeding the spatial peak SAR. ,
which occurs at the body surface. Whether the limt on the spatial peak SAR should
apply when the peak SAP. is on the body surface is a separate question.

CONCLUSIONS I~ *
The spatial distribution of the SAR in a full-scale homogeneous model of man I

at 350 MHz with three polarizations of the incident wave has been nrtsured and
analyzed for three antennas in the near-field. The whole-body average, the partial
body, and selected volume SARs have been calculated. The antennas selected repre-
sent typical practical situations, such as portable transmitters and leaky RF transmitter
cabinets or similar hardware. For near-fiefd exposure the following conclusions can
be drawn,

.C7
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(i) The spatial distribution of the SAR is highly nonuniform for all polariza-
tions; the nonuniformity occurs along all direction.% sithin the body.
Typical ratios between the spatial peak'and the whole-biQdy uvorage SAR
are 150 ito 200 for the lincar antennas, and 30) for the slot.

(ii) At 350 NI Hi..-and probably .at all higher frequencies for all antennas and
polarizations, the SAR increases exponentially w~ith distance from the
surface upon which the wave is incident, at least within 10 cm. By that
distance. the wave is attenuated about 15 dB, This finding is consistent
with a previous repot for a hand-held transmitter at 806-821 MH?.
operating in th; 2-polarization (Athey and Cleveland, 19821. The atten-
uation coefficient is very close to that of a plane wave incident upon au
semi-infinite tissue layer. Therefore. a simplified analysis can be used to
determine the relative SAR distribution in a multilayered tissue structure.
The absolute values of the SAR can only be found through a more complex
analysis of measurement since they depend on the antenna type. polariza-

4 ~~~~~~~~~~tion. and diutance from the body. bopin ~sitefo teai
(iii) Fo he E-tlrzto.the mxmmalopinNsitd rmteai

* of the antenna towards the neck region for antenna locations in the nearby
region.

(iv) The relative spatial distribution or the SAR depends mainly on the antenna j
position and polarization. but the whocle-body avekage SAR is basically
determined by the antenna gain and distance from the body. The antenna

% type (e.g. dipole vs slot) affects both the whoe-body average and the
distribution of the SAR.

(v h o-nfriyo teSRdsrbto nth erfedipista
exposure to some portable radio RF transmitters can result in the peak

SAR (averaged over I g of tissue) exceeding the recommended limit of 8
Wlkg IANSI. 19821, while the whole-body average SAR remains well
within the limit of 0.4 W/kg, For instance, for a resonant dipole with a
reflector and H-polarization, an output power from the antenna of 3.1 W
Is sufficient to deposit the energy at the surf~sce at a rate of 8 W/kg. while
for a whole-body average of 0.4 W/kg. an output power of 30 W is
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REPAIVrUTION DE L'ENERGIE DANS LE CORPS HUMAIN SOUMIS AU RAYONNEMENT EN
CHAMP PROCHE D'APPLICATEURS RADIOFREQUENCES.

M.A. STUCHLY, S.S. STUCHLY, A* KqRASZE1SKI, G, RARTSGROVE

RESUME:

La distribution spatiale du champ 4lectrique ou le taux deripartition de 114nergie (d~fini par Ie taux d'absorption sp~cifique
TAB) qui rdsulte de l'exposition du corps humain au rayonnement imis d

partir d'applicateurs radlofrdquences est intdressant et important dans
1. cas de l'hyperthermie induite 4lectromagndtiquement et pour dvaluer
lea risques potentiels pour la sant4 lids A des expositions involontai-
res. Un dispositif de balayage contx81 par ordinateur ainsi qu'unesonde implantable de mesure de champ 41ectrique ont 4tg utllisis pour

diterminer la ripartition du TAB dana un modile du corps humain. Leas
S irsultats de ces mesurea effectuies A 160, 350 et 915 MHz A l'aide de
dip6les rdsonants avec rif-ecteurs, situs & une distance d'environ
A/10 de la surface du corps humain, sont prisents.

MOTS CLES : HAUTES FREQUENCES - ABSORPTION - HYPERTHERIE - CHAMP

ENERGY DEPOSIO IN. THEz HNuuu BODY FRM~e RAuwFREQUrENCY RADIATORSm INE
NEAR-FIELD.

ABSTRACT : ,

Spatial distribution of the electric field or the rate of
the energy deposition (defined as SAR - spcific absorption rate), "
resulting from exposure of the human body to radlofrequency radiators is
of Interest and importance in electromagnetically induced hyperthermia
and in assessment of potential health hazards due to unwanted (e.g.
occupational) exposures. A computer-controlled scanning system and an
implantable electric field probe were used to determine distributions of
the SAR in a model of man. The results of measurements performed at 160,
350 and 915 MHz for resonant dipoles with reflectors and resonant .
slots with reflectors placed at a distance of approximately one tenth of
the wavelength from the body surface are presented.

KEY WORDS : RADIOFREQUENCIES - ABSORPTION - HYPERTHERMIA - NEAR FIELD. .

InnoV. Tech. Biol. Med. Vol. 6, n' 5, 1985.



ENERGY DEPOSITION IN THE HUMAN BODY
FROM RADIOFREQUENCY RADIATORS IN

THE NEAR-FIELD

M.A. Stuchly(1)(2), S.S. Stuchly(2), A. Kraszewski(2)
and G. Hartsgrove(2)

(1) Radiation Protection Bureat, Health and Welfare Canada
(2) Dept. of Electrical Engineering, University of Ottawa,

Ottawa, Ontario, Canada, KIN 6N5

INTRODUCTION

Spatial distributions of the electric field or the rates of
the energy deposition resulting from exposure of biological bodies to
radiofrequency (RF) radiators in the near-field have been of interest
and the subject of numerous studies. The interest stems from two

.a. important applications. One is in RF induced hyperthermia used in
cancer treatment, where it is important to know the spatial.
distribution of the energy deposited, in order to determine and
possibly control the volume of the tissue that is heated. The other
application is in evaluating the rates of energy deposition resulting
from exposure to various RF sources in the near-field (e.g. portable
transmitters, leaky radiofrequency equipment), in order to assess and
prevent a potential health hazard.

The quantity frequently used in describing the rates of RF
energy deposition is the specific absorption rate (SAR), which is
defined as the time derivative of the incremental energy (dW) absorbed
by an incremental mass (dm) contained in a volume element (dV) of a L-
given density (p) [I]:

SA" d dW d (dW)SAR =B =  (-~ ) ())
Uit (1)r07

For siruo)idally time-varying fields the SAR is related to the electric
field tvength in situ as:

SAR = IE12  (2)

where: E is the magnitude (peak) of the electric field, and c is the
conductivity of biological material (tissue). .

To determine spatial distributions of the SAR, theoretical
and experimental methods are employed. Numerical methods used to'find
the SAR distribution for various hyperthermia applicators have recently
been reviewed [23. In hyperthermia investigations the evaluation of
the SAR distribution, either theoretical or experimental, is followed
by theoretical and/or experimental evaluation of the resulting
temperature distribution. For assessment of a potential health hazard .7'
due to exposure to RF energy various methods of analysis have, been
developed for simplified models. Numerous calculations developed for
far-field exposures have been reviewed elsewhere (3,4). There are I
numerous theoretically analyzed exposures in the near-field
(5,6,7,8,9], however, only a few exposure configurations in the
near-field of fairly realistic models, such as a "block model" of man,

REPRINTS : Dr. 11I.A. STUCHLY, Electrical Engineering Department, Univer-
sity of Ottawa, 770, King Edward Street, OTTAVA, ONTARIO KIN 5N6 CANADA
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have been treated (8,91.

Experimental techniques serve as alternative and frequently
complimentary to theoretical methods as reviewed in (10]. These
techniques, at least at the present time, provide more detailed
information about the spatial distribution of the SAR than the
theoretical calculations. There are three viable techniques for
measuring SAR distributions. • A thermographic technique (11] :an be
successfully applied for both the evaluation of hyperthermia

applicators (12) and for potentially hazardous exposures (13]. The
technique is fast and reliable; its main advantage is that a complete
thermal picture (or the SAR profile) can be obtained for any selectedcross-section of the exposed body. The main limitation of this
technique is that high power sources are required, unless only a very
limited volume is to be heated. Two other techniques involve use of

implantable probes. Either temperature probes or electric field probes
can be used. Both types of probes are miniature and implantable, and
have been extensively used for measurements in a few points within the
volume of interest [10). Temperature probes are particularly widely
used in hyperthermia for treatment monitoring and control. The main
limitation of the probes is that unless a special scanning system is
used, information about the -SAR or temperature is obtained only for a
few locations.

We have developed and evaluated a computer-controlled
scanning and data acquisition system. This system has been used with
implantable electric field probes to determine the spatial distribution
of the SAR in models of the whole and parts of the human body. These
models have been exposed in the near-field of two types 6f radiators,
namely a resonant slot and a resonant dipole with a reflector. The
experimental method and the results obtained at three frequencies (160
MHz, 350 MHz and 915 MHz) are discussed in this paper. The radiators
investigated are of interest for both electromagnetically induced
hyperthermia and for evaluation of unwanted exposures. For instance, a
resonant slot may serve as an approximation of a leaky cabinet. Short
dipoles (about 0.1 of the wavelength) have previously been proposed as
elements of an efficient hyperthermia applicator (14,151. Resonant

) I dipoles, because of their greater efficiency in coupling the RF energy
into tissue, may offer a better solution.

EXPERIMENTAL SYSTEM

The experimental system consists of the following essential
parts: (a) an anechoic chamber, (b) an RF radiation system, (c) an
appropriate phantom model of the human body or its part, (d) an
electric field probe, (e) a mechanical computer-controlled scanning
system, (f) an electronic system interfacing the probe with the
computer, (g) a minicomputer. A general description of our earlier
system is given elsewhere (16]. Significant modifications have been
introduced since then and are described here for the first time. -

Figure I shows a block diagram of the experimental system.
An antenna or a hyperthermia applicator, the E-field probe, the probe
holders, the pre-amplifier and the mechanical frame with stepping
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,, Figure 1 : Block diagram of the experimental system for mapping the

electric field in nodels of a human body or its parts.

Figure 2: Radiofrequency radiation system.

motors are placed in the anechoic chamber. For accurate measurements a
limited size and quality (reflections below -20 dB) chamber is required
to minimize interference by the reflected waves. Although measurements
for hyperthermia applicators and other near-field radiators are
possible without an anechoic chamber, the accuracy of measurements is
usually adversely affected. The RF radiation system, shown in
Figure 2, comprises a signal synthesizer modulated at a low frequency
(about 500 Hz), a digital attenuator, an RF power amplifier, a power'
meter and a radiation source (an antenna or a hyperthermia applicator).

The mechanical structure, the drives and the control unit,
and their operation are described in detail elsewhere (16]. Briefly,
they are capable under the computer control to position the E-field
probe within +0.05 mm in any lccation within a volume of 190 x 50 x 45
cm. The speed is 0.42 mm/s for a simple motion (a single coordinatechanging at a time), and 12 mm/s for a composite motion (two or threecoordinates changing simultaneously).

A schematic diagram of the electronic system is Ihown in
Figure 3. This system provides amplification of the 500 Hz signals
from the E-field probe, conditioning of the signals, and transmission
by an optical fiber link to an A/D converter. The amplitude modulation
of the RF signal is employed in order to increase the dynamic range of
measurements of the SAR (the electric field strength in tissue). The
dynamic ranqe depends on the E-field probes linear range of pperation
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and on their noise level. The amplitude modulation at about 500 Hz %%N
improves the signal-to-noise ratio by about 10 dB with a 1 Hz bandwidth
of the amplifier is compared tothe operation without modulation (17).

The dynamic range of measurements of the SAR exceeded 30 dB
in the frequency range from 150 MHz to 1 GHz.

Figure 3 Schematic diagram of the electronic system.

Two types of radiators operating in the near-fleld were
investigated: a resonant slot and a resonant dipole, both with
reflectors. Salient characteristics of these radiators are summarized
in Table 1. One of the most Important features of these radiators is
that they are very well matched to the. feeding lines when a phantom
model of the human body is placed in front of them at distances of
about 0.1 of the wavelength. The voltage standing wave ratio (VSWR) is
less than 1.6, which is equivalent to 4 per cent of 'the reflected
power. This is particularly importanit in hyperthermia applications.

A model of the human body in a form of a shell was made of a
thin (1.5 mm) thermoplastic material. The geometrical shape and the
dimensions closely approximated an anatomically correct average man of
a height of 175 cm and a weight of 70 kg. The shell was filled with a
semiliquld material having electical properties equal approximately to
those of "average tissue", i.e. 2/3 of the muscle properties. As
electrical properties of tissues vary with frequency, different
mixtures were prepared for specific frequencies used in the
investigations' (160, 350 and 915 MHz). The electrical properties of
the tissue-equivalent materials used are summarized in Table 2 and the
attenuation coefficient, . , is given. Parts of the plastic shell were
removed (on some "flat" parts of the torso) or holes were drilled in
the shell to allow the E-field probe to penetrate into the interior of
the model, which was positioned horizontally. The radiating source was
placed under the model, while the probe penetrated vertically from the
top of the model.

The electric field strength was measured with an implantable
triaxial field probe, consistinq of three short dipoles, each loaded



with SchottKy diodes (EIT probe, model 979). The overall diameter of
the probe was g am. The probe was fully characterized and calibrated
as described in [173, and iti calibration was spot-checked during the
course of experiments. The estimated measurement uncertainty in SARs
was +1 dB, and was mostly due to the uncertainty in the probe
calibration [17]. The measurement repeatibility was better than +0.5
d.

Table I. Characteristics of the radiators

ANiTENNA-
TYPE FREQUErNCY tENoIM1 R or tCift GAIN .7.PJJ

(MHz) WAVCLENGIH OISIAJCC (I.) (d 83 0511

Di le 160 0.49 20 3.6 1.5
Itol 350 043 21 3.3 1.6

ISl°t 3I 0 0.,o 16 4.9 1.1

0 Olpolo 915 0.49 8.2 3. 1.

Slot 915 1 0.50 6.5 6.1 -1.1

Table 2. Electrical properties of
tissue pharton mttrlals

FRI Qo. I 01"1CC08C CO.,, I 7IT, A AEtUAIION
(""IN) C0 6$AO( . (/ COEFFICIENT.

350 380.5.6

1:1 "IU oh+8l ltr l

150 30 1,10 0.35

RESULTS AND DISCUSSION

The electric field strength was measured and the SAR
calculated on the axis of the radiators in the tissue-equivalent
material at three frequencies for resonant dipoles and slots with
reflectors. The designation of the radiator placement with respect to
the model of man is shown in Figure 4, while Table 3 gives the radiator
coordinates at the frequencies investigated. The radiators were placed
in the plane corresponding to the body vertical axis, and were oriented
in such a way that the electric field vector was parallel to the body
vertical axis. Figures 5 and 6 show the results for the dipoles and
the slots, respectively. In all cases investigated, for both types of
radiators and at all frequencies, the SAR decreases exponentially
,(notice the logarhythmic scale) with distance from the body surface.
Furthermore, the attenuation coefficients are very close to those
estimated theoretically for the plane wave as given in Table 3. That
means, that the longer the wavelength, the greater the penetration
depth in the tissue. The SAR close to the surface is much greater at
350 and 915 MHz than at 160 MHz for the dipoles. For the slots the SAR
close to'the surface is less than that for the dipoles, and at 915 MHz
it is greater than at 350 MHz.

Figures 7 and 8 illustrate the spatial distribution of the
SAR in the cross-sedtion of the torso on the radiator axes (see
Table 3) for dipoles and slots, respectively. The dashed lincs show
the equi-SAR profiles in frW/kg per IW of the radiator output power. A
difference in shape of the lines between the dipoles and the slots can
be seen. The data presented can be utilized in designing an array to
obtain a desired heating contour.



Figure 4

I Designation of geometrical coordinates
for the radiators investigated.
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Figure 9

Specific absorption -rate, SAR, averaged over tissue layers
perpendicular to the body main axis for resonant dioes with
reflectors at thre frequencies.



Spatial distrlbutionS of the SAR averaged over tissue layers
perpendicular to the body main axis for the dipoles and slots are shown
in Figures 9 and 10, respectively. The maximum SARs, except at 160
MHz, occur in the tissue layers on the radiators axes. At 160 MHz, as
the radiator axis is close to the neck, the maximum shifts toward the
neck, as also observed for far-field exposures (18 ]. A frequency of
350 MHz appears to be the most advantageous from the three frequencies
investigated in terms of the SAR distribution pattern that miay be
desirable for local hyperthermia. At this frequency a resonant dipole
with a reflector is more efficient than a resonant slot with a
reflector in terms of coupling the energy to the tissue.

CONCLUSIONS

A computer-controlled scanning system and an implantable
electric field probe were used to obtain the specific absorption rate

) (SAR) profiles in an electrically homogeneous nodel of man exposed in
the near-field of simple r4diators. Experiments performed at three
frequencies (160, 350 and 915 MHz) with resonant dipoles and slots,
bbth with metal reflectors, indicated localized energy deposition
dependent on the frequency and type of radiator. All the frequencies
investigated the SAR on the radiator axis decreased exponentially with
distance away from the body surface. The most promising for
hyperthermia applications were the SAR patterns obtained at 350 MHz for
a resonant dipole with a reflector. This exposure situation was
characterized by small reflections from thi body surface, reasonable
penetration depth and the maximum SAR on the antenna axis. Information-
presented here can be further extended into multiple radiators and .',-

nonhomogenous models for design of efficient hyperthermia applicators.

be The infrmation on the SAR distributions can also be utilized' to assess potential health hazards due to exposure to portable '

transmitters or leaky sources. A resonant dipole with a reflector may
be considered as the worst case (the best energy coupling to the body)
of exposure to portable transmitters, and a resonant slot with a
reflector as a typical representative of leaky sources (e.g. a
transmitter cabinet). For this purpose the values of the SAR obtained
can be compared to the values recommended, for instance, in the U.S.
ANSI standard (19].
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Abstract

The rate of the radiofrequency energy deposition in a block

model of the human body exposed in the near-field of a resonant dipole

at 350 MHz was calculated using the moment method. Detailed maps of

the electric field strength in a homogeneous model of a realistic shape

under the same exposure conditions were obtained using a

computer-controlled scanning system and an implantable electric field

probe. A comparison of the measurement data with the calculations

show's a relatively good agreement when average values over ,elatively

large volumes are concerned; however the calculations do not show large

spatial gradients and tend to underestimate the magnitude of "hot

spots" observed experimentally.
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I. INTRODLCTION

Recent progress in telecommunications technology and

applications has resulted in wide spread and continuously growing use

of portable and mobile radio transmitters. One aspect of these

developments is the resulting exposure to radiofrequency fields, and

consequently, a need to assess the safety of the device user.

The dose rate, or the rate at which radiofrequency (RF)

electromagnetic energy is imparted into the body, defined as the

specific absorption rate (SAR), is used in quantifying biological

effects and formulating standards on exposure to RF fields (1,2). It

is also recognized that the spatial distribution of the SAR within the

exposed body, and in some interactions also other parameters play an

essential role (3].

Numerical methods have been developed to calculate the SAR

distribution in very simplified block models of man j4-6], and in a

more realistic model [73, both in the far-field. The more realistic

model has also been employed for evaluation of the SAR distribution in

the near-field, when there is no coupling between the radiation source

and the irradiated object 18]. Several recent reviews bave surclarized

the 'omputational methods f 9-iI1.

The SAR distribution can also be determlned experimentally,

usually in scaled down models of man by thernography t12, er by

implantable electric field probes.

Because of the geometrical and electrical complexity of the

humnav body, the spatial distribution of the SAR resultinj fror.

exposures in the near-field of antennas, as in the case for portable
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transmitters, is difficult to determine by analytical or experimental

methods. The tensor integral method has been used to calculate the SAR

distribution in a block model of man consisting of 180 cells exposed to

a resonant dipole in the near field with mutual coupling between the

antenna and body due to their close proximity 13,141. A

computer-controlled measurement-system and implantable electric field

probes were utilized in obtaining detailed maps of the SAR in a

full-scale model of the human body [15,161.

In this paper we present the calculations and measurements of

the spatial distribution and average SARs for various body parts for a -

full-scale model of man exposed in the near field of a resonant dipole

at 350 MHz. The frequency of 350 1411z was selected because of the

previously reported resonance of the head [17), and because it Is

relatively close to the frequencies used in FM portablelnobile radio

(403-430 MHz). The results obtained by the two methods are compared,

- -and limitations and advantages of both methods are outlined.

I. CALCULATIOiS

The electric fields and therefore the SAR distribution inside

a model of the human body near a dipole antenna are calculated by the

tensor integral method described in detail in '13 ' and orief).i in. 14

The human block model consists of 80 cubical cells of varying sizes

arranged to best fit the contour of a 70 ;g nan 7_ 3ecause of body

synnetry, only tc vllues witvin one half o( the bad, are presented. A

thin resonaat dipole is located close to the head in a locatlon 'whcse

cc•axru ,iii;tes are given in Table 1. Other essential exposure ind rodel

par, reters are also suamarized In Table 1.

Z1
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The electric field intensity was measured, and the SAR

subsequently calculated in more than 650 locations within half of the

model of the human body. An implantable isotropic electric field

probe, EIT, model 979 (manufactured by Electronic Instrumentation and

Technology, Inc., 1439 Sheppard Ave., Sterling, VA 22170) was used.

The probe was fully evaluated and calibrated prior to the experiment

[18] and the calibration was spot checked during the measurements. The

computer-controlled scanning system t 15,16; performed a set of

measurements at 650 locations in less than 1.5 hours. The

repeatability of the SAR measurements was better than +0.5 dO, as

tested on up to !5 repetitions under various power levels and on

various days. The uncertainty of the SAR determination was estimated

to be approximately +! d8. The main contribution to the SAR

measurement uncertainty was due to the limitations of performance of

the electric field probe and its calibration (181. Each data point

presented in this paper is an average of four to five measurements.

A full-scale model of an anatomically proportional average

nan (175 cm, 70 kg based on a plastic model Remcal, manufactured by

Alderson Research Lab. Inc., Stamford, Conneticut) was made of low

density Styrofoam sheets 2.5 cm thick, which were glued together. The

model was positioned horizontally (face up) in an anechoic chamber

(dimensions 4.6 x 3 x 2.1 m). The antenna was placed under the mode', r'

and the electric field probe was Inersed in the model from its top. o

The distance between the chamber floor, which was covered with RF

absoiber, and the antenna was 60 cm (from the absorber); the distance
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between the mold and the chamber walls and ceiling was 1.5 m or more.

The reflections from the chamber walls, floor and ceiling were

measured, and were found to-be below -20 dB at a frequency of 350 MHz.

The mold was partly open in the tor,) area, and holes large

enough for inserting the probe were drilled in other locations, more

details about the mold are given elsewhere (16]. The mold was filled

with a low viscosity (to facilitate probe immersion) mixture having

average tissue properties (2/3 muscle tissue) at a frequency of 350 MHz

(Table 1). Essential model and exposure parameters are given in

Table 1. The resonant dipole was shortened to 0.43A, to achieve

matching to a 50i transmission line. The dipole input VSWR was less

than 2.2 with the model of man placed at a distance of 8 cm.

IV. RESULTS AND DISCUSSION

The measured local values of the SAR in the center

cross-section of the model (dashed lines) are compared with the

calculated SAR values in the corresponding cells (solid-line bars), as

illustrated in Figure 1. The contours of the two models were matched

along the main axis of the body. A small difference (less than 3%) in

C the height of the two models (see Table I) resulted mainly from the

curvature of the head. When the measured location was on the border of

two cells or very close to it, the average SAR for the two cells was

utilized for the comparison. Both the calculated and the measured SAR
41

values were normalized to I W input power to the dipole. It can be

seen that the theoretical and measured SARs in the neck region in the

center of the body are in reasonably good agreement. However, overall,

the spatial distribution of the SAR predicted by the calculation is

----------------------------- ---- - - .........-.......



significantly different from the measured values, with differences of,

an order of magnitude at some locations (notice the logarithmic scale).

This may be an unfair comparison, as the local values of the SAR within

spheres of a diameter of 0.9 cm (the probe diameter) are compared with

the average values in cubes of approximately 7 cm (the average cell

size). In the comparisons that follow the calculated values are
compared with the measured values averaged over certain volumes.

Figure 2 shows a comparison of the spatially averaged

calculated and measured SARs along two selected body axes. The SAR

values ar4, in both cases, averaged over the tissue volume contained

between the body surfaces in the direction of the wave propagation.
This means that the values are the averages over two or three cells,

except in the legs, for the calculated SARs, and the averages over the

cylindrical volume of 0.9-cm diameter for the miasured SARs. Since the

probe did not penetrate to the very bottom of the back surface of the

mold appropriate curves (exponential) were fitted to the measurement

points using the least-square method to calculate SARs at the model

surface. These data points together with the measured SAR values were

used to calculate the average SARs.

The general shape of both spatial distributions looks

similar. It is clear that the theory does not predict to the same

extent an increase in the SAR in the neck region. However the largest

differences between the predicted and measured values are about 5 to 6

tires rather than 10, as it was for the previous comparison (see

Figure 1).

A much better agreement between the theory and the experiment

can be seen in the SAR values averaged over the horizontal tissue
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layers presented in Figure 3. The arms are not included in these

averages. The calculations in this case underestimate'the maximum SAR

in the neck by a factor of three.

The whole-body average SARs calculated and measured are 7.9

and 6.3±1.2 mW/kg, respectively. The difference is within the

uncertainty of measurements (because of the extrapolation Involved the

accuracy of the whole-body average estirmited at +25% is much worse than

that of the local SARs) and can be attributed to the difference in the

distance between the dipole and the body in the calculations and

experiment (7.3 vs. 8 cm). As an example of regional SAR differences,

the head/neck area calculated average SAR is 17 mW/kg, while the

measured value is 28 mW/kg. The difference in this case is relatively

large, but consistent with previously noted differences in the spatial

distribution of the SAR. The SAR In the neck Is extremely sensitive to

the shape of the neck.

A very important feature of the RF energy deposition In the

human body in the near-field of radiators at 350 MHz, which is not

evident from the analysis of the block model of min, is Illustrated in

Figure 4. This figure shows the SAR in the torso on the center point

of the dipole along the direction of the wave propagation. The dipole

center point is located at 38 cm from the head top. The wave is

incident at the torso wall at z - 20 cm and the torso extends to

approximately z 0 0. The vertical columns show the calculated SAR in

the three body cells, the points show the experimental data. The

dashed line represents a least-square fit of an exponential

relationship r
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SAR A exp (-az) (z)

Two important observations can be made. Firstly, at a frequency of 350

MHz the SAR decreases exponentially in the torso within abnut one-half

of the torso width. Beyond that point the SAR values are very low,

more than 100 times below those on the surface. Furthermore, the

attenuation coefficient, = 0.46 + 0.01 is, within the fitting error,

equal to that calculated for the planar model with electrical

properties of the tissue simulating material, * 0.49 + 0.02.

Secondly, the theory does not show the decrease of the SAR with

distance away from the plane of the incident wavefront. It is apparent

from Figure 4, that the average SARs for the layers of about 7 cm

corresponding to the cells width are significantly different,

particularly for the two outer cells. The exponential decay in the SAR

is typical for other locations along the torso and the head. Only in

the center of the neck, 150 cm from the feet base, can an increase in

the SAR close to the neck center be observed (Figure 5). The SAR close

to the neck center is approximately 50 nm/kg, as compared with 440

m4/kg at the neck surface and the average SAR of 115 ml/kg for the

cylinder of 0.9 cm in diameter on the neck axis between the neck

surface of the wave incidence and the opposite surface. ?

Our results are to certain extent different from the

previously reported agreement between the calculated and measured SAR

distributions , 4-6 '. However, the comparisons were done for nuch

simp]er shapes and different exposure conditions. The reported

agreement is even more impressive in view of a relatively simple
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electric field probe that wts used for the measurements reported in

[4,6. On the other hand for nore realistic models, for some regions

such as the neck, differences of the order of 10 to 20 between the

calculated and measured values of the SAR were previously reported £7].

We feel that the differences between the calculated and the

measured values of the SAR are due to the limitations of the

calculations, because the accuracy of the measurements was verified

using simple geometrical bodies [19]. Although It was stipulated that

the analysis of the block model of man can be used up to 500 MHz (4-7],

* the limits on the cell size were suggested (20]. The cell size used in

our calculations is greater than the suggested limit [20].

Furthermore, other deficiencies of the numerical analysis using the (.

cubical block model of man In calculating the SAR distribution have

recently been suggested £21]. These, however, have also been

questioned [22]. L

V. CONCLUSIONS

The specific absorptio,, rate (SAR) averaged over various body

volumes and the spatial distributions of the SAR calculated and 'S.:

measured were compared for the near-field exposure by a resonant dipole

at 350 MHz. The calculations were performed using the method of

moments to solve the tensor integral equations for a block model of man

consisting of total of 180 cubical cells. A computer-controlled

scanning system and an implantable electric field probe were used to

measure local values of the SAR in 650 locations within half of the

model of a huiran body with an uncertainly of approximately +1 dB.

The whole-body average SARs obtained by both methods are in a
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good agreement. The values of the SAR averaged over smaller volumes

and the spatial distribution of the SAR are different by factors

ranging from 3 to 10. The theoretical analysis does not predict an

exponential decrease in the SAR values in the direction of the wave

propagation away from the surface upon which the wave is incident.

Relatively large spatiol gradients of the SAR are similarly not

apparent from the calculations.

The main limitations of the calculations result from a

relatively small number of blocks and the resulting relatively large

size of the blocks as compared to the wavelength in the tissue [20).

Furthermore, limited accuracy is inherent in the metnod employed (21).

Differences in the shapes of the models may play some role, but

probably less significant than the other factors. The neck my be

considered as the region where shape differences have been sufficiently

large, to affect the SAR.

In view of the computational difficulties in extending the

avai'lable theoretical methods to more refined realistic ,models of the

human body, at present experimental methods appears to be a viable

alternative for determination of the spatial distribution of the SAR in

models of humans exposed In the near-field of radiofrequency antennas.

.

)-. .
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FIGURE CAPTIONS

1. Comparison of the specific absorption rate (SAR) calculated and

measured along selected axis shown by vertical dashed lines. Blocks

represent the calculated values, while the measured values are

depicted by horizontal dashed lines, for f % 350 MHz, I W input

power to the antenna, E polarization, and for the location of

the dipole qiven In Table 1.

2. Comparison of the calculated and measured specific absorption

rate (SAR) averaged along the direction of the wave propagation

(perpendicular to the axis of the body). The blocks show the

calculated values, averaged over the cells in the direction of

wave propagation,*and the points represent the measured data

averaged over cylinders 0.9 cm in diameter, for f a 350 MHz, 1 W

input power to the antenna, E polarization, and for tte location

of the dipole given in Table 1.

.N

3. Comparison of the specific absorption rate (SAR) averaged over

horizontal tissue layers. The blocks show the calculated values,

and the points the measured data, for f - 350 MHz, 1 11 input

power to the antenna, E polarization, and for the location

of the dipole given in Table I.

4. The specific absorption rate (SAR) on the dipole axis in the

torso. The blocks show the calculated values, the points the

neasured data, the straight line shows the least square fit into
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data points for z 8 cm of the curve SAR - A exp (-- z). The

body surface at which the wave is incident is at z - 20 cm,

and the wave propagates toward z 0 0, with f a 350 MHz, I W input

power to the antenna, E polarization, and for the location of

the dipole given in Table 1.

5. The specific absorption rate (SAR) In the neck. The points show

the measured data at the height 150 cm from the feet base, the

neck surface at which the wave is incident is at z • 12 cm, and

the wave propagates toward z -0, with f• 350 MHz, I input

power to the antenna, E polarization, and for the location of

the dipole given in Table 1.
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Table 1.

Essential Model and Exposure Parameters

Parameter Calculations Experiment

Frequenky 350 M!1z 350 MHz

*Actual dipole length 0.5 X. 0.43 A.

Dipole length/radius 200 '117

Input impedance 48.3 n 50 a

Distance from the body 7.3 cm 8 cm

Distance dipole axis/head 34.8 cm 38 cm

% top (vertically)

M1odel height 170 cm 175 cm

Di.olectric constant 37 37

Conductivity 0.95 S/rn 0.95 S/rn
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ABSTRACT

A computer-controlled scanning system and implantable, nonperturb-

ing electric field probes were used to measure spatial distributions of the

electric field in a full scale homogeneous model of a human body. The ma-

surements were performed at three frequencies (160, 350 and 915 MHz) in the

far-field and in the near-field of resonant dipoles. The specific absorp-

tion rate (SAM) distributions and the averages for body parts and the whole

body are analyzed as functions of frequency. In the far-field, the SA

decreases exponentially in the direction of wave propagation in the torso at

all frequencies, and large gradients of the SA are observed along the body

main axis, particularly for the E polarization. At 160 and 350 WIz high

local SARs are produced in the neck. It appears that for plane wave expo-

sures the ratio of the peak SM to the whole-body average SAR does not ex-

ceed 20, In the near field, large SAR gradients are also produced, and the

ratios of the peak spatial SAR to the whole-body average SAR vary from about

30 to 250 depending on the frequency and polarization. It is suggested that

for near-field exposures the whole-body average SAR is not a proper dosi-

metric measure, and the SAR averaged over any 0.1 of the tissue volume is

recommended instead.

This work was supported by grants from the U.S. Office of Naval Research,
Health and Welfare Canada and Natural Sciences and Engineering Research
Council of Canada.



I. INTRODUCTION

To quantify interactions of radio waves with biological systems,

it is important to know both spatial distributions and average values of the

specific absorption rate, SAR, (1). Various theoretical and experimental

methods have been developed and used for this purpose, as reviewed elsewhere

12-41. Recently, an experimental technique, which utilizes Implantable

nonperturbing electric field probes and a computer-controlled scanning aye-

te, was used to obtain SAR distributions in a full scale model of man at

350 Mz in the far-field [5], and at 350 MHz and 915 MIz In the near-field

(6,71. A homogeneous model certainly has some limitations, particularly at

915 MHz, where for instance layered structure has been shown to increase

absorption efficiency [8).

In this paper we report new results of measurements at 160 MHz in

the far- and the near-fields, the far-field measurements at 915 MHz and

discuss effects of frequency on the SAl distribution and various SAl avera-

ges at the three frequencies investigated, namely 160, 350 and 915 M/e. The

average values and spatial distributions of the SAR in the far-field are

also compared with the previously published theoretical and experimental

data.

II. MEASUREMENT METHOD

The mi.asurement system was described in our earlier publications

[7,91. Models of man were made of thin plastic (1.5 mm) (160 MHz and 915

MHz) or low density styrofoam (350 MHz). The dimensions of the model cor-

responded to a 50 percentile man (175 cm, 70 kg). The models were filled

with a semi-liquid tissue-equivalent material having electrical properties
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given in Table 1, corresponding tr those of the average tissue at a given

test frequency. More details about the modi.s are given in [7].

All measurements were performed in an anechoic chamber. The re-

flections were less than -16 dB at frequencies above 100 Mz.

far-field exposure conditions ware produced by antennas located

at sufficiently large distances from the model surface. The power density

at the model location was measured with an uncertainty of about 10% without

the model in place. Since the antennas produced non-planar wavefronts,

corrections were introduced to normalize the SAR data to 1 mW/cm2 of the

incident power on the model surface closest to the antennas as described

elsewhere (7]. For resonant dipoles tho spatial distribution of the fields

was calculated from using well known analytical expressions and Incorpor-

ated into the data processing routine as a correction factor. Theoretical

calculations were also verified experimentally.

For measuremnots In the near-field, resonant dipoles were posi-

tioned as illustrated in Fig. 1. Two polarizations ware used. For the E

polarization the antenna was placed parallel to the long body axis while forI the H polarization the antenna was positioned perpendicular to the axis,

* shoulder-to-shoulder. Table 2 gives the geometrical coordinates and charac-

teristics of the antennas.

The SAR was calculated using the three components of the electric

f1ld which were measured with an electric field probe as described in (7).

The estimated uncertainty of measurements of local SARs was about 12%, and

:iof average SARs about 25n. The latter uncertainty includes both the uncer-
tainty in measurements and in calculation of averages using a finite number
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of measurement points. The values of the SARs for each exposure were deter-

mined in approximately 650 points within one-half of the model.1)

In order to calculate the averages for the body parts and the

whole body averages the model was divided into 23 slices perpendicular to

the main body axis as shown in Fig. I. In each slice, the field measure-

ments were done in several locations as described in Table 3. In each of

the test locations electric fields were measured in several points, separa-

ted by 1 cm, along the direction of propagation. Due to the mechanical and

electrical limitations of the model and the electric field probes it was not

possible to probe the fields very close to the irradiated surface of the

model (closer than 1 to 2 cm) and therefore, the electric fields on and in

the immediate vicinity of the irradiated surface were obtained by extrapola-

tion of the fields measured deeper in the model. Since in the majority of

the test locations the electric fields decay exponentially (see Table 4) a

simple expression 12 - 1O2 exp (-=n) was used, where E0 is the electric

field on the irradiated surface, a is the attenuation coefficient (see Table

4) and z is the distance along the direction of propagation. In a few test

locations a linear or a polynomial extrapolation was found to be more appro-

priate. Although the curvature of the body can potentially affect the SAPR

close to the surface, we were not able to notice such behaviour for the

homogeneous model.

By selecting an appropriate number of points in the direction of

wave propagation in each of the test locations (Fig. 1), the model was divi-

A ded into 4x4xl cm and lOxlOxl cm blocks. The average SARs were calculated

in each block and then partial body SARs were calculated. The average whole

body SAks were obtained using the "rule of nines" which gives an estimate of

1) The model was assumed to be symmetrical with respect to the main plane.

L .,
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the contributions of various parts to the total weight of the human body

(see Table 3)(10].

III. FAR-FIELD EXPOSURES

At all test frequencies an exponential decay of the SAR in the

torso in the direction of the wave propagation was observed. The attenua-

tion coefficient was found equal to that of a plane wave propagating in a

semi-infinite slab having the some electrical properties as the torso. The

pertinent data are summarized in Table 4. However, the SAR distribution

along the main hody axis is much more complex, and even a relatively sophis-

ticated analysis utilizing a block model of man consisting of a few hundred

calls does not provide reliable data as found at 350 H4z (5].

Figure 2 illustrates maximum values of the SAR anywhere on the

body surface, for two polarizations 1). At 915 Mag the maximum SAR on the

surface is not much different for the two polarizations. At 160 Mz and 350

MHz for the E polarization high SARa occur on the surface of the neck.

However, for the torso the SARa on the surface are not much different at all

three frequencies.

In general, for the E polarization at all test frequencies (and it

may be inferred at all frequencies between 160 and 915 MHz), higher than

whole-body average SARs are deposited in the neck. The location and magni-

tude of the maximum is, frequency dependent. Figure 3 shows the SAR distri-

,) The data on the surface were obtained by extrapolation of the data mea-
sured inside the model at several depths.



bution along the main body axis for the Z polarization. The mean values

averaged over the tissue slices perpendicular to the main body axis are

shown. The mean SAR in the neck decreases with frequency from about 1000

mW/kg at 160 MHz to about 70 mW/kg at 915 MHz for an incident power density

of 1 mW/cm 2, The high man SAR values do not necessarily reflect high SARa

("hot spots") in the center of the neck, as illustrated in Figures 4 and 5.

For instance, at 350 MHz the maximum SAR of over 400 mW/kg is located in the

neck center, as compared with the man of about 200 mW/kg, while at 160 MHz

the SAR in the neck center is 900 mW/kg while the mean is 1000 mW/kg,

Figures 3 and 4 also illustrate that relatively high SAPs are

produced in the legs. This is even more clearly visible from Figure 6 show-

ing contributions of rates of energy deposition in various parts of the body

as a fraction of the whole body average power absorbed. A conclusion can be

drawn, that at all frequet, as higher SARs are produced in the legs than in

the torso (the weight of the legs is equal to that of the whole torso, see

Table 3).

Figure 7 shows the whole-body average and the head-neck average

SARa. It can be seen that 2 to 2,5 times greater rates of energy deposition

occur in the head at 160 and 350 MHz, but not at 915 MHz, and only for the E

* polarization. The latter data are compared in Table 5 and Figure 8 with

theoretical results published earlier [11-13).

IV. NEAR-FIELD EXPOSURES

Similarly as in the far-field, the SAR on the dipole axis decays

exponentially in the direction of propagation with an attenuation coeffi-
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cient very close to that, of a plane wave, see Figure 9 and Table 4. This

behaviour is characteristic for resonant dipoles placed at distances of one

tenth or more from the body surface, as analyzed in detail at 350 MHz in

(6j. For other types of antennas the situation can be different because of

the amount of energy contained in evanescent waves (14]. The maximum SAR on

the body surface is on or very close to the antenna axis. The frequency

dependence of the maximum SAR on the body surface (shown in Figure 9 for the

E-polarization; similar values of the SAR on the body surface were also

obtained for the H polarization) is quite different from that In the far-

field (Figure 2). The differences in the normalized distances between the

antenna and the body surface at all three frequencies are small (0.09 to

0.15 X, Table 2), so these differences cannot account for the differences in

the SARe.

Figures 10 and 11 show the local values of the SAR in the body

mid-plane at three frequencies, for the E and H polarizations, respectively.

At all frequencies coupling of energy is stronger in the E polarization

(Figure 10) than in the H polarization (Figure 11) by a factor from about 4

to 10. Generally, the energy is deposited in the tissue relatively close to

the antenna at much greater rates than in remote parts of the body, e.g.

legs. As may be expected, the lower the frequency the more energy deposited

further away from the antenna.

Figure 12 shows the SARs averaged over tissue slices perpendicular

to the main body axis for resonant dipoles in the E-polarization. The maxi-

mum SAR in the tissue slice is produced in the slice facinZ the antenna axis

for the H polarization and the E polarization in all cases except when the
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antenna is located close to the neck at 160 and 350 MHz. There is no appa-

rent correlation in the shape of the SAR distributions along the main body

axis and the frequency. Similarly, the maximum SAR in the tissue slice

(Figure 13) does not appear to be correlated with frequency or polarization.

However, there is an apparent correlation between the SAR profiles In the

t orso cross-sections perpendicular to the min Wpy axis and the frequency,

as illustrated in Figure 14. This figure shows the iso-SAR curves for 500,

100, 20 and 4 mW/kg for I W input power to the antenna. The data presented

in this figure may be useful in designing applicators for inducing hyper-

thermia in various volumes of tissue by use of radiofrequency energy.

In the near-field most energy is deposited in the tissue volume

close to the antenna location. This is clearly shown in Figures 12 and 15.

At all three frequencies, the dipoles were placed in the upper shoulder area

(Table 2), and consequently most of the energy was deposited in the head-

and-neck and upper torso. It is interesting to note, that as in the far-

field at 160 and 350 M}z and the E polarization (Figure 7), the head-and-

neck SARs are considerably greater than the whole-body-average SARs (Figure

15).L

IV. DISCUSSION
A. Measurement Method

The experimental method used in this study was developed with the

main objective of providing data on distributions of the SAR in the near-

field of various devices, such as portable transmitters, leaky transmitter

cabinets, hyperthermia applicators, etc. For such applications the thermo-
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graphic dosimetry method [15, 16] has considerable limitations. The most

serious limitation is due to the required high radiated power, so that a

short exposure (about 20s (15]) is sufficient to obtain the required tempe-

rature increase in the tisoue-equivalent material. Other limitations are

related to the difficulties in scaling near-field exposure conditions for

more complex antennas. For far-field exposures the superiority of one

method over the other is debatable, as both have their advantages and limi-

tations. The thermogrsphic technique, particularly with the improved itera-

tive computer data processing (15], provides a complete profile of the SAR

in any selected plane. However, in practical situations investigations are

limited to one and sometimes two or three planes.

In the implantable electric field probe technique, measurements

are performed in various planes, but because of practical constraints elec-

tric fields are measured at a limited number of points and therefore the

resolution in any cross-section is limited. As a consequence of the method

limitations, we have selected a large number of measurement points in ana-

tomically important locations such as the head, neck and torso, at the ex-

pense of a relatively small number of points in the legs and arms. The

selection was made arbitrarily, as we considered "hot spots" in the limbs of

less importance. The limited number of points has also affected the uncer-

tainty In calculated average SARs. For the worst case, I.e. whole body, the

legs, and the arms, an estimate is 25%, but for the head and neck and torso

it is 15%. The latter is determined to a large extent by the accuracy of

the electric field probe calibration of 12%.

iL



The implantable probe technique can also be used for inhoogeneous

models, as the probe calibration factor should not depend on the permitti-

vity of the material in which the probe is immersed; at least for insulated

probes [171. However, a careful evaluation of the probe behaviour at inter-

faces between different tissues will have to be performed.

The accuracies of the two methods are siLmilar, a compared in

measurements of the SAX distribution in spheres [18,19]. In the thero-

graphic method the measured peak SAX values are in some cases (for smll

spheres) lower by about 20Z than the actual values (181. In the

implantable-probe method the peak SAX values are very accurately reproduced,

but some errors may be introduced when the probe size is large compared with

the object size (191.

Sar-fidid Exposures

The exponential decrease of the SAR in the torso for far-field

exposures is a significant finding, indicating that at frequencies above 160

Hz a simple model can be used to predict theoretically the SAR distribution

in the direction of wave propagation. Although not explicitly analysed, the

exponential decay of the SAR was observed experimentally by others at 1.29

and 2 GHz (20, 21]. At these frequencies, and at 915 Hz, as indicated by

our measurements, the SAX in the head and the legs also decays exponential-

ly for a homogeneous model. This would indicate that simple calculations

can be used to account for tissue layering, i.e., the skin, bone, fat, etc.
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At all frequencies, there are gradients of the SAlt along the main

body axis. In the far-field these gradients are much greater for the

E-polarization than the H polarization at all test frequencies. This obser-

vation is in agreement with the experimental data obtained thermographically

at 450 MHz [15]. For all test frequencies which are above the whole-body

resonant frequency of about 80 Hz (2,11,131 for the E polarization in the

far-field, there appears to be certain consistency in the SAlt distribution.

When rates of energy deposition in the body parts (Fig. 6), the tissue

layer average SARs (Fig. 3) and the local values of the SAR in the body

mid-section (Fig. 4) are scrutinized, it is apparent that large $A s are
('.

produced in the head-and-neck, and the legs. Also large SAls occur at 160

and 350, but not at 915 MHz, in the arms. These observations are again

consistent with the data at 450 MHz [15].

The mean SAR in the slice about 4 cm thick in the neck is about 10

times greater then the whole-body average SAR at 160 MHz, about 5 times at

350 ,uMz, and about 3 times at 915 Hz for the E polarization. Only in the

legs and possibly arms (not investigated in detail) at 350 and 915 MHz are

the SARs in the slices comparably large. It is also interesting to note,

that the distribution of the SAR across the neck is strongly frequency de-

pendent (Fig. 5). While the mean SAR In the neck at 350 MHz is less than at

160 MHz, the maximum SAM is produced close to the center. The value of the

SAR in the neck center at 350 MHz is about 400 mw/kg at I mW/cm 2 
of the

incident power. At 160 ,4Hz the maximum SAR is of 1.67 '/kg occurs on the

surface while it is about 0.9 W/kg in the center (Fig. 5).

77.



It appears that at frequencies above 160 MHz in the far-field,

in spite of large SAR gradients, local valuces of the SAR are only up, to

about 20 times the whole-body average SAR. The condition on which the ANSI

exposure standard 122] is based, i.e. the peak local SAR less than 8 W/kg,

is not exceeded at least for a homogeneous model. This is to a large extent

due to low whole-body average SARa, below 0.11 U/kg, at those frequencies.

The results obtained at frequencies between 160 and 915 MHz, suggest that

investigations of the SAR distribution should be carried out also below 160

MHz, close to the resonant frequency of the body. At those 'frequencies the

SARs in the neck may reach even higher values. Presently available theory

offers little guidance in this respect. As it may be seen from Table 5, the

head and neck SAR at 160 Mz estimated from calculations [111 is 3 to 5

times lower than the measured value. A good agreement between the

calculations and measurements for head and neck at one frequency (350 Mz,

Table 5) does not provide a solid argument for the accuracy of the

calculations.

The measured whole-' .erage SARs (Fig. 8) are relatively close

to the calculated values for spheroidal models (2, 131. Figure 8 depicts

the theoretical predictions for an average and ectomorphic man, our experi-

mental data (at 160, 350, 915 MHz) and those reported by others (40 MHz

(23], 450 MHz [15], 1.29 GHi [141 and 2 Gil (21]). The data point at 2 GHz

appears to be highly questionable, large errors were likely as a result of

calculation of the average based on a relatively small number of points

(21]. For both polarizations (E and H) the measured SAR is higher than the

predicted (our data points at 350 and 915 MHz are somewhat lower; it may be
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due to the uncertainties in our calculations of the average SAR In-the legs,

whose contribution to the total SAR increases with frequency, as shown in

Fig. 6). As pointed out previously [15], when a large part of energy is

absorbed in the legs (Fig. 6), the shape of the model plays significant role

in determining the average SAR. A spheroid is obviously very different in

shape. Less apparent but equally important are the differences in the shape

between the block model of man and the actual man geometry, particularly

when a small number of cells are used to represent the legs.

1%



-13-

C. Nearv-field Exposu'res

At all frequencies investigated for near-field exposures with the

antenna-body surface separation of about one tenth of the free-space wave-

length, energy deposition is mostly concentrated within a limited volume,

close to the antenna, i.e. for the positions of the antennas reported here

in the neck-head and upper torso (Fig. 15). The width of the SAl distribu-

tion (Figures 10, 11, 12) is not strongly dependent on frequency. At two

frequencies (160 and 350 ZH) for the E polarization the maximum SAR is

shifted off the antenna axis toward the neck, when the antenna skis is posi-

tioned on the shoulder level (similarly to the far-field exposure).

For resonant dipoles in the H-polarization the SAls in the neck-

head region are comparable with the whole-body averages (Fig. 15). However,

in the E polarization, at 160 and 350 MHz, the SAR in the head-and-neck is

about five times greater than the whole-body average. Because of highly

localized energy deposition for near-field exposures, in our view the whole-

body average SAR is not the most suitable parameter for quantification of

exposures. The SAl averaged over any 0.1 of the body mass is suggested as a

better dosimetric measure.

The maximum mean SARs in tissue slices (see Table 3) is between

10 to 30 times greater than the whole-body average SAR (Figures 13 an 15).

There is no consistent frequency dependence. 7V
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The ratio of the local peak SAR to the whole body average SAR can

be very high at all frequencies and both polarizations. The ratio increases

with frequency from about 30 to 140 at 160 Miz, to 150 to 190 at 350 Mlz, to I
200 to 250 at 915 MHz. The local peak SARs are invariably at the body sur-

face.

As indicated in our earlier publications (6, i], the high SARs at

the body surface at 350 and 915 MHz, as compared with the whole-body aver&-

gee results in, the ANSI peek local limit of 8 W/kg (221 being exceeded for 0

very moderate levels of Input power to the antennas, while large antenna

power is required to exceed the average SAR limit of 0.4 W/kg (22]. The

situation is less critical at 160 MHz for a resonant dipole, however this

conclusion must not be extended to other types of antennas. It was earlier

indicated that antenna type, not only its gain, play a crucial role in how

efficiently the energy is coupled to the body [6].

D. Geanrai Rerks

The ANSI exposure standard 122] was based on the theoretical pre-

diction that for plane waves the local peak SAR is about 20 or less times

the whole-body average SAR. Our experimental studies, at least at frequen-

cies above 160 MHz for a homogeneous model of man confirm this estimate.

This conclusion may not be valid for an inhomogeneous model and also at

frequencies close to or below the resonance. There is actually already some

evidence for a man standing on a ground plane, the local SAR in the ankles

is more than 20 times the average at and below the resonance for the E L
polarization (23].
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In the near-field, the whole-body average SAR may not be a proper

dosimetric measure, as most of the power is absorbed in a volume not greater

than one tenth of the total. Furthermore, because of very high ratios of

the peak- to-average SARs and the location of the peak SAR on the body sur-

face, the limits of exposure may have to be reevaluated. We suggest that

instead of the whole-body-average SAR, the SAR averaged over any 0.1 of the

tissue volume should not exceed a specified limit, whether the limit of 0.4

W/kg selected for the whole body exposures is applicable is a separate ques-

tion. The local peak SAR poses a more difficult problem. Some considers-

tion should be given regarding its location, as the same SAR on the surface

of the eye for instance may have a dramatically different effect than on the

surface of the torso. Selection as a reference level of the SA averaged

over 0.1 of the tissue volume instead of the whole-body avurage would reduce

the peak-to-average ratio, for instance at 350 MHz, and E polarization from

about 150 to about 40. Additional difficulty in establishing exposure

limits for the near-field is due to the fact that practically all experi-

ments with animals ha:,e been performed in the far-field.
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FIGURE CAPTIONS

1. Coordinates of the antenna shown here for the E polarization.

2. Maximum SAR on the body surface for the far-field exposures to I mW/

cm
2
.

3. Mean SARs averaged over tissue slices perpendicular to the main body

axis, the far-field exposure in 
the E polarization. 

,

4. Local values of the SAR in the aid-section of a homogeneous model of I,

man exposed in the far-ield in the E polarization.

5. Spatial profiles of the SAR in the neck for tne far-field exposure in *

the E polarization. The wave is incident at z - 12 cm itt the direction

of negative z (neck diameter is 12 cm). L
6. Energy deposition rates in various parts of the human body exposed in

the far-field of a power density of 1 mW/cm2 in the E-polarization.

The diameter of the circles corresponds to the whole-body-average SAR.

7. Whole-body-average (low density hatch) and the head-and-neck average

(high density hatch) SARs for far-field exposures to 1 mW/cm2 .

• 

, ° ° 7
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8. Comparison of the calculated (lines) and measured (points) whole-body

average SARs. The lines show the limits of the SAI for spheroidal

models of ectomorphic (dotted lines) and average (solid lines) man;

dots and crosses show the measured SARs for the E polarization and the

H polarizations, respectively. Data points at 160, 350 and 915 Hz are

from our measurements, at 40 HHz from [21], at 450 Hz from (15], at

1.2 GHz from (18] and at 2 GHz from (19].

9. The SAR in the direction of the wave propagation on the antenna axis

for exposures in the near field of resonant dipoles with reflectors in

the E polarization. Input power to the antenna I W. Antennas located

at A - 134 cm at 160 MHz, A - 103 cm at 350 MHz, and A - 107 cm at 915

MHz.

10. Local values of the SAR in the mid-section of a homogeneous model of

man exposed in the near field in the E polarization. Input power to

the antenna 1 W.

11. Local values of the SAR in the mid-section of a homogeneous model of

man exposed in the ntsr field in the H polarization. Input power to

the antenna I W.

12. Mean SARs averaged over tissue slices perpendicular to the main body

axis for the near field exposure in the E polarization. Input power to

the antenna 1W.
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13. Maximum SARs in the tissue slice perpendicular to the main body axis

for near field exposures. Input power to the antenna 1 W.

14. Equi-SAR lines of 500, 100, 20 and 4 mW/kg in the torso in the plane of

the antenna axis; exposures in the near field of resonant dipoles with

reflectors in the E polarization and IW of input power. Antennas lo-

cated at A - 134 cm at 160 MHz, A - 103 cm at 350 MHz, and A - 107 cm

at 915 MHz.

15. Whole-body average and head-and-neck average SARs for near-field expo-

sures with 1 W of input power to resonant dipoles with reflectors

located as shown in Figure 1 and described in detail in Table 2.

7,
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Table 1

Electrical properties of tissue equivalent materials

Relative Plane wave
Frequency dielectric Conductivity, a attanuation coeffi-

MHz constant, el (S/rn) cient*, a (cm-1)

160 40 0.80 0.36 T
350 38 0.95 0.51

915 37 1.17 0.70

*Defined as a power ratio for a plane wave in a uniform and homogeneous
dielectric.F
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Table 2

Characteristics and coordinates of the antennas

for near-field exposures(see Fig. 1)

Frequency (M~Hz) 160 350 915

Dipole length/% 0.49 0.43 0.49

Gain without reflector (dB)* 1.8 1.65 1.6

Input VSWR* 1.5 1.6 1.1

A (cm) 134 137 137

d (cm) 21 8 5;

*d/% 0.11 0.09 0.151

* * Experimental values.
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Table 3

Test grid of the full scale model (also see Fig. 1)

Slices

Part of the Thickness Number Number of test Contribution to the
body (cm) locations total body weight

(rule of nines) %

Head & neck 4 8 3 9

Upper torso 10 3 5 18

Lower torso 10 3 7 18

Arms (both) 10 5 1 18

Legs (both) 10 9 1 36

*In one-half of the slice (body), perpendicular to the frontal surface of

the body, within each location the electric field was measured in points
separated by 1 cm.

V.

104



Table 5-4

Attenuation coefficients in the torso1 )

Experiisental, values
Frequency Polarization Plane wave Far-field Near-f ield4)
(MlHz) (±3 SD) (±t3 SD) (±3 SD)

160 E 0.34 ± 0.01 0.32 ± 0.01

160 H 03 0.2 0.25 t 0.07 0.31 ± 0.03

350 E 0.50 !:0.03 0.46 i-0.02
0.51 ±0.02

350 H 0.49 ± 0.02 0.515± 0.02

915 E 0.73 ±0.05 0.72 ± 0.04
0.70 ±0.02

915 H 0.72 ±0.02 0.63 t 0.04

1) Defined as a power ratio.
2) In a uniform and homogeneous dielectric.
3) Measured on the axis of thle dipoles positioned as shown In Fig. 1 and

Table 2.

- - - - ---
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Table 5

Comparison of the whole-body-average and head-and-neck average

SARs for the far-field exposure to I mW/cm
2

Whole-body average SAR (mW/kg) IHead/neck average SAR (mW/kg)
Frequency Polari-

(MHz) zation This Theory other This Theory
work techniques work

160 E 104.7 901) 234.2 45-802)

160 H 29.2 19 3) 13.4

350 E 40.' 44.51) 102.2 1082)

H 41.v 273) 41.2

450 E 343) 46-504)

H 303) 40-424)

915 E 30.4 313) 32.0

915 H 49.3 383) 54.8

1) Block-model of man [11]
2) Block-model of man (121
3Spheroidal model of man (131
4Thermographic measurements (15]

- - - - -- - - -
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anechoic chamber as illustrated I= Figure 2. The
source of the R? euargy Is amplitude modulated at low
frequency (-500 Ht) aod its output level is digitally
controlled by the cooputer.

The mechanical structure which supports cnd posi-
tions the electric field probe coonsiste of three lide-
pendent guidlg slide* I. three mutually perpendicular
directione. The probe can be placed li ay location
within a volume 1.9 a 0.5 x 0.45 u, using three etep-
pinl motors, oach coontrolled by a separate driver.
The system can operate In a nosal or computer- super-

vised gode. In the mcnual mode the probe notion is
controlled by switchoes on a portable. handL-oporated
usit. Selected coordiostes of the probe poeition are

stored In a file In the tomputer memory, foruing a ap
of oprstor-elected test points. t the computer-

sopervised node the probe scans autoeatically through
the selected set of points. The motion-toutrol =It figure 4. Siectroule circuitry for Interfacing the
is based on a 800 microproceeor linked to a ISV probes with the computer.
11/34 minicomputer. The accuracy of the probe posi-
tiod Is within !0.01 us. The travel Speed ic 0.42
u/c for i simple motion (a sinlle coordinate changed)
cnd 12 a/a for a composite eotion (two or three co- ........

ordinates chced)(O..

Am analysli of the performance of the electric
field probes ldicate that a cignificat improveseot
i: senotivity con be obtained by using amplitude
modulated if signals 11). For probes used In our
investigations the modulatios frequency of 500 Ho ye."
selected 111.

Three versions of the electronic @yta were.
developed and tested. An early version shown in Fi-

gure 4 consisted of three ostrusentetioo amplifiers.

I siuW g Junction, an active filter, a voltage to
freque+.y co aUverter, a lin driver, & crd a. anopcical-fiber 11-k to the computer. This optical .. ..

fiber l1:k bri-tg the sigral froo the aplIfler oat of
the cnscholc chamber to a circuit costainng a fiber figure 5. tlectro.io Circuitry with an tegrated

optic receiver and a frequency to oltge cooverter. optical fIber trasmitter.
This voltage which repreeot the electric field Is
then seat to the PDP/lI34 where co A/D converter Lu-
puts the signel to the computer. tz the text versin
a substitution of PIT amplifiers for the Instrumet&-
tio amplifler$ resulted in ao improvemenot of the 40, | 1 i 1 M
signal to colae ratio (SIN) of 7 dB. In the last L'
version ahowo in Figure 5 flexibility of the system HO.ADAY

aod lower SIN were achieved by se of co Ltoegratod I...
optccil-fliber transitter, which allows for use of a
lock-I: amplifier at the receiving cod resulting i:

arrow-bacd dtection without Impoing extreme re-
quirmnts on the stability of the uodulatiog signcs. t
The syotee gal: Is adjustable up to 10

5
.

tlectric Field Probes S .

.ay electric field probes either desigted for
operaion in air 12,4,51 or in the dielectric media •
C2.7] can be used 1: our eysteia lo s a they coo- _
Cl three L-doperdeot aote-ra loaded with datectlmt z
diodes end conzected to the external termizals by high 7
reslstance leads. Alturntively. magmetic field
probes [C61 an be usle., or with sose system sudif ica-
CiOs eve: probes that measure sluluta; ouoly the ca .z' AR0A

electric ctd saljntic field C51 ca also be employed.
'e have used three trlaxial electric field probes:
=aely, a Holadoy LM-

0
1, a EIT 979, atd a NAVIA 0

2600. The diameter* of these probes are 17, c . ,
s respectIvly. The probes were fully characterized FtiECY(OHtsl

1: cern of their sensitivity, oleo, dr-amic rogo,
directional response szd modulation characteristics. yigure 6. Sensitivity of the probes to air as a

function of frequsocy.

5..



The sensitivity In air of the three probes " a Table 1. Sensitivity of electric field probes I a
function of frequency IS shown in Figure 6 (11). The losay dielectric mdium (c-50, a-1.5 SI:),
sensitivities at a fL frequeacies in a dielectric in 10 rW/(V/)2

sedium haviag a dielectric coostart of about 50 aid a
conductivity of about 1.5 S/s (except at 2.45 GUZ Probe Holaday EIT 979 llarda
where the cooductivity is 2.3 Sle) are euoaraoed I= Frequency LM-Ol 2608 ,
Table 1. The sensitivity of probe* In dielectric
media is detetaled by masuring the output voltage of

the electric field probe, placed at varils locacioc 160 me1 208 3.9 NA
I= a sphere made of tht dielectric medium (the modium
Is uually liquid or Jello cootained in a styrofoam 350 HU 146 3.1 0.8
sold). The ootput signal £0 compared (using the
letsquoare fit method) with theoretically values of 915 Me 54 1.1 0.5
th electric field in the same locations 1121. The
sphere is irradiated by a plant wave of a known power 2.45 G1t A 1.3 0.8
delsity. A typical calibration curve Is showv in

Figure 7. The calculated values of the square of the o0
eleric field streath are shown by the solid line
while the dots depict the measured values. 4;,

figure 8 preseocts the relative senaitivity of the so

VA1A probe as a function of the modulation frequency Y \ .... It
with the Input amplifier (Figure 5) haviog an Ilput
reselarce of 2.2 40. The roll-off frequency in this 2
system is considerably higher than in a previously 'Fs 40
used system (i, so that a frequetty of modulation up "+s 7 *
to about 2 bMe ran be used. Mowever. eacept for the
TIt-01 probe, modulatioo frequency higher than 500 Rx
does not results In any Improvements of the sigoal-to- 30
moLeo ratio (W14) 111). 2 o

ftoftwar

The software used in the data Collection and
%scaly is consist* of three program. developed by our- 2
selves and a software package puruasaed for display of
contour and meh. views of the data. The f ct pro- 10
gram ca le - isw used ii cojoottio vtth tne %had-
held cotro. ULit drivilg th ItIzol system to
ae a yap of coordinates. Is za Is stored on .-

disk file 1. the PP/I1134. The secocu program calsa. 00 a s J o , , O ,

$CAN uses this sap to autoatically take electric Olftses tmC3
field mesatteot t at all of the stored locations.
For each locatioo the electric field Is measured five Figure P. Probe calibratlo: in a dielectric mater-
times and averaged. The ame program also Coocrols a il. The solid line sboes theoretical
digital atteouatr which Is used to adjut the power vlmes of the square of the electric field
to the antec.n, is order to keep the sig al from the streogth acd the points show the smasured
amplifier - limited, highly linter range. tach value A sphere of 16 me cootaired a
IYZ location ed the associated electric field liquid having c-50 and o1i.5 S/a and was
strength are them stored I another disk file. The exposed to a plane wave of I XW/ca

2 
at 475

third program called =IIT allows se to display or Mou:.
plot a graph of. for Instante. the electric field
scrength vs, distance (X,YZ). The software purchased 2

from Data Plotting Services called DPIT provides the I
capability of displayizg the electric field strength r
or SA. In the form of a cootour diagram of equl- -

potential lines or as a 3-dime:sional represstation > -

'Pe fire-.rX 1.asu ts -

Some of the rec.t ro- :2 illustrating the capa- z - -
-illries of the system are preerted i= Figures 9 a=d L
10. Figure 9 shows the square of the electric field
strength In a ditloctric sphere (W- 0 -. .1.5 S/)
irradiated by 3 plane wave at 450 yi a 1 2,lfIc

=2 .  
>

Figure 10 depicts dimaostri dat obtained for a C

full-size model of Cn exposed I= the rear-field of
sr'ant dipoles. A dosiometric measure, the specific - -

ahsorptioi rate ($A?). shown on the abscissa, is de- ,
fIred as the rate of a.rargy absorption ii a unit ms,

sd ts related to the electric field strecgth, in tu s-it
(r-s). and the conductivity of the medium. 0. Fitgre . tolative probe (NAA.2A 2608) sensitivity

- 2 (as a function of t1e modulatico frequt=-cy. Amplifier lput resxscce 2.2 X2.
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Probing Electromagnetic Fields in Lossy
Spheres and Cylinders

GARY H. WONG, STANISLAW S. STUCHLY, SENIOR 4 .4DE , txEn. ANDRZEJ KRASZEWSKI. AND
MARIA A. STUCHLY, SENIOR MEMBER. IEEE

.4h c-Olsetl of etnrte fields In lom aheres and Inflnite to the intensity of the electric field in situ and the electric
1055y qUinders Simuling bif-ical obteCs ne maue a 350. 911 and properties of the tissue.
2450 MHa. The measurements Were pono d In a conpiuilr contrled Considerable progress in theoretical and experimental

Sanig $Ststa Wsin dime different Implant"bl noapeflwubirig probes.. mureus art compared with theory, and use of, $ossy , W dosimetric methods has taken place in recent years, as
aqlinder for cahbation of implantable probes Is quandilaivel) eatuted. reviewed elsewhere [1-131,

-." h~U~~Lossy dielectric spheres serve as convenient models of
1. INTRODUCTION biological bodies and their parts 111-13). These models areI'

D OSIMETRY OF electromagnetic fields is essential in relatively easy to analyze theoretically and to construct for
quantifying biological effects of these fields and de- experimentation. They also provide adequate simulation of

veloping exposure standards for humans. Dosimetry is some biological systems under certain exposure conditions
eoncerned with the determination of the electric-fitld in- [1].
tensity and -the rate of energy deposition in biological The distribution of electric fields in a lossy sphere was
bodies and their electrical models. The rate of energy previously obtained theoretically (4). and a computer pro-
deposition is defined as thi specific absorption rate (SAR) gram was developed 151. Qualitative experimental verifica.
usually expressed in W/kg Ill. The SAR is directly related lion was obtained (61: however, a quantitative analysis of

the accuracy with which the electric-field distribution can
be measured by implantable electric-field probes is want-

Manuscript received October 12. 1983: revised March 8. 1984. This ing. The SAR distribution was also measured by the ther-
sork was supported In psut by grants from ihe Natural Seinces and mographic technique (71.
Engimcring Rescancl Council of Canada and the U S. Office of Neaval e lstr
Reearch. I" The electric fields in Iossy cylinders were determined

0. H. Wong, I. S. Stdily, and A. Krasr ees are with the Dcpartment analytically for an infinite cylinder (8) and analytically and
of Electrical Engneentg. University of Ottawa. Otna-a Otaino. Canada experimentally for cylinders of finite length (91. In the
KIN 6N . V

M. A. Stuchly is with the Radiation Proteetioe Bureau. Health and latter case, mue experimental technique used had serious
Welfare Canada. Otsa. Ontario. Canada. limitations when used for cylinders of small diameters

0018-9480/84/0800-0824$01.00 01984 IEEE
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compared with the wavelength. This technique is also not
0, acceptable fof probing of the fields in biological bodies.

The purpose of this study was twofold, firstly. to evaluate L .
the application of lossy spheres and cylinders for calibra- xof implantable probes used in bioeffects dosimetry. ,a T K
and secondly, to obtain quantitative experimental data and
comparison with theoretical results at 350. 920, and 2450
MHz for the electric-field distribution in spheres and cylin- Fig. 1. TE and TM modes for a tosy tiular iniierat ,,ndcr.

ders simulating the human body and its parts. This infor-
mation can be further used for comparison with the dcec. TABLE I
trio-field distributions in models more closely resembling SENSITIVITIES OF THE [IPLANTAILE PXitIFS DlIEPWtINU L 'It'O
the human body. vaRIOVnt

t
.-MODern

t . TIEORETICAL ANALYSIS 7

A. Spherical Models 5 I

The electric-field and SAR distributions in lossy spheres , [ I
irradiated by a plane %%ave were calculated using the Mie -.

method (4]. The numerical calculations were obtained using ,
a computer program provided courtesy of the Bureau of .,, - ----- j
Devices and Radiological Health 5 L.

B. Cylindrical Model I " .

The electric-field and SAR distributions in an infinite
lossy cylindrcal model were obtained under plane.wave
irradiation. A recursive method, derived by Bussey and dielectric constant of 2.6. A
Richmond (81, was employed to solve the scattering ampli- Ai slid pnantom mtr, w
tude of a lossy multilayered infinite cylinder for TE and
TM modes as shown in Fig. 1. The infinite cylinder solu- trical properties of the average tissue was used at 350 MIl.•
tion can be used to approximate a finite-length cylinder (10). At rrequencies of 920 MIz and 2.45 01*. ,aline
within a limited range of the cylinder length, solutions were used as phantom materials because of their

low viscosity, simplicity of preparation, and elinination of
C Limitations ofthe Numerical Techmques the mechanical perturbation of the phantom by the probe.

Dimensions of the spherical and cylindrical models are The pirmittivities of different phantom materials, as Inca-

restricted by the computational instability of the angular sured by an automatic measurement system with an uncer-

functions due o the arguments which are either too small tainty of less than 3 percent [11]. are given in Table I.
or too large. - The electric-field intensities in different models sscre

Retrcton o te rora fr hesperca mde aemeasured using a computer-based scanning system and in[ ':

strllows oelectric-field.probe technique 1121.
The molds filled with phantom materials are placed in

0 the maximum number of layers is 10, the far field of a selected antenna and accurately posi- -

9 each layer is homogeneous, tioned to i.nsure a desired orientation of the incident
* lkir < 90.83, where r is the radius of a homogeneous electric field with respect to the scanning direction.

sphere and k is the propagation constant in the
medium. B. Probes

Limitations on the calculation for a homogeneous in- Three-dipole electric-field probes, a Narda Model 2608
fmite cylinder are as follows: - (3 mm in diameter), an'ElT model 979 (9 mm in diametert

1 IkIR <22.8, and a Holaday Model IME-01 (19 mm in diameter). Aerc
k 1.87, where A is the radius of the cylinder. r is sused to measure the electric-field intensity. The characteris-

0 k>1.8,weeRi h aiu fteclneri tics of these probes are described elsewhere (131.
the radius of th observation point, and ,k is the The sum of three voltages (Vr) detected by the diode-
propagation constant in the mediums. loaded dipoles is related to the square of the total electric-

111. MATERIALS AND METHODS field intensity IET12 by the following expression:

A. Materials Vr- BIErj5

Molds for the 6.6-cm, 12-cm, and 16-cm diameter spheres
were made of 5-cm-thick RF transparent polystyrene foam. where B is the sensitivity of the probe in the tissue phan-
The mold for the 24.8-cm diameter cylinder of a length of tom material.
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The sensiy at each probe was determined for each 0. 0a

model. from the following expression:Z
N 0: 07

LeI-1 0.06

whee Vr, i te ota vltgeat the probe detector -0. 04
doe(asum ot thethevotgsotetredils)

maueatan experimental point i. (lErl'), is the thea. 0 .0. 03
retical value ot the internal electric-field intensity in the
same point, and N is the number of points. The final value1
whiche sensitivity was arrived at by an iterative process, in0.0

whc nyan unperturbed part of the distribution was
icue.iethat part for which the relative difference 00

btentetheoretical and experimental values was less
ta10percent. 0 0t-,= 2

There are several sources of errors in the system that Fi. IComparison of the calculated and meaissrdSAR .Jt-tnbution
may affect the accuracy of experimental results. Some Of cares the eatculated values. x X measuredt %alues with the EIT probe.
teerrors can be limited to be negligibly small through a3 measured values with the Holiday probe. 4- is.9. is-l1.04S/n.

proper arrangements and care. These include reflections c 3m~ itod oer/i-09 eiity B- 3. :0/em DiameW thei
from the walls and the scanning system. In this work. they EiT probe and 12=2siV/V*/mrI fthe HolaI probe. The vrrtieil
have been eliminated by placing the whale system ian barn show the uneertaiitt of nseasuremenus. the double arrow idieaies
anechoic chamber and covering the frame of the scanning 'he direction of tncidtc of the wave and the single arrow% ihIth

%system with absorbing tiles. The incident electric field has point where the probe is introduced into the phantom
to be well defined in terms of its amplitude and direction. 0.4!
The field intensity in our tests was determined from the z
antenna gain calibration and measurements of the input O. 4 --.
power to the antenna. The uncertainty in the intensity was(9
etimated at ±0.5 dB. The direction (alignment) of the a. 3
atenna with respect to the probe was arranged within x

:kI" The intensity of the field was always adjusted so that 0.30
the probes operated in the linear region. in

The main accuracy limitations in this experiment are due 0 .2a5

to the probes themselves, namely to the cross-coupling of
the dipoles, lack of a perfectly isotropic response (due to 0. 20

sall differences between the three dipole-diode assem-
blies), remnant pick-up of their high-resistance leads and 0 0.15 ~
the ficld perturbation by the leads. -

.IV. RESULTS AND DISCUSSION .t14

A. Spherical Models .00

A comparison of the theoretical and experimental data 0.0 .4 -. j - 1 4 i
for a 16cm diameter sphere at 350 Hz is shown in Fig. 2. - -a -2 " 0 2 4 0

CZSTANCE ALOINI THE Z-AXIS
On all illustrations, the probe is introduced from the CC
positive z direction, while the wave is incident from the Fig. 3 Compaion of the calcutated and measured SAR distibutions
negative .direction. An excellent agreement can he seen atong the :axs for three spheres filled vitlh the fnua.le-equt%3lost

for a smaller diameter probe (9 mm. EIT model), except at saline, c'- 760. is - 158 S/rn. / - 920 M.Hz Incident tPvver Densit
oeend where the probe i ntroduced tothe phantom. For -I nsW/cm

t
1. Probe Nasd3 Solid line indicates the calculated Nvalue, .1

one~~~ 5 toXx measured values for a sphere of a dianiotcr - 6 6 Mn.
71 alarge-diameter probe (19 Trm, Ioladay model), signifi. Diamete/A- 02. Senvstvsy 8 -0.71 j0 04 gV/(V,-/m"-) Dashed 7

cant deviations are: also seen at the other end of the lie indicates teexalculaiedvalus. mesurdvlueaforssphereof
disanc scnne. Tis s de t th smarig bcaue o a a diansretr. cmri. Danrerr/),-037. Sestsitivit) 8-063=08

distncescaned Thi isdueto he searng ecase o a V/ti'm The dash-dot line indicates the cakotatcd %alue,. - -
poor spatial resolution of the probe. measured value, for a sphere of a diameter - 16 enm. Di=Cter/XJ -

The experimental error close to the point of probe 049. Sensitivity 8.07t:006.'iV" m")i Theverical bit ,indict
of a nek throuh whicht he uncertainty of measurements, the double arrow indicates the dIreI

entrance is due to a formation lianc truhwhc h on of incidence of the wise. ai the single arrow shows the point of
nhasnlim materiAl kt fleiwinu esutqide ihe snhere. orobe insertion.
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Fig. 3 provides a comparison of theoretical and experi- . 50

mental results for three spheres at 920 MHz for the Nardaprobe. This is the smallest diameter (3 mm) probe, and (1
smearing effect is -very small. The "neck effect" is a.00 oeliminated as a result of using a liquid phantom material. ^ x,

Fig. 4 gives the results for 6.6-cm and 12.cm diameter )
spheres at 2.45 GHz as measured with the Narda and EIT X U
probes. The spatial resolution limitations of both probes t1. 50
are apparent. For instance, for the 6.6-cm diameter sphere.
where rapid changes of the SAR occur within about I cm.
some smearing is evident in the second peak even for the t* .
Narda probe.

.B.Cylndrical Model o clnria mdl"Te• •"

Fig. 5 illustrates the data for the cylindrical model. The 0..
computational instability of the theoretical results close to - ..

the cylinder center was caused by the divergence of the
Bessel functions in the region near the center. 0.00 " 0 2 4

The measurements were performed at the center of the
cylinder and at a distance of 0.44 Ao from the end of the OSSTANCE ALONG TiHE Z-AXIS

cylinder (points I and 3). Very good agreement was ob- C c..
talned for both probes for all locations except close to the Fig. 4. Companson of the calculated and mcasured SAR distnbutioss
point of the probe introduction. This was due to a small lonl the :.axis for t o sahne.filled sphees ( -77.9. 1-t 02- S/m.

/t f 45 Ot Incident Power Density-t mW,'/cm. Sotlid line mdi.
N truncation of the cylinder. cates the calculated values. x X measured valutes ith the Narda probe.

Diameter-66 cm. Diameer/Ao-0.54. Sensitivity N-000g:0.02
C General Discussion &V/tV2/ma). Dashed line indicates the calculated saluc.a mea.ured

values with the Narda probe..* measured values with the MtT probe,
As previously indicated, the agreement between theorett Diameter-12 cm. Diameler/o-098. Sensoi'itv 8-0.0:OOtCal and expertmental SAR distributions is affected by jV/(V

t
/m-) tNarda) and 0,10001 1,p V/aV:/mt tEIT). The vertical

bar show the uneensinty of measurements, the double arrow indmiateu
several factors, e.g., limitations of the theoretical solution ith dietion of the incidence of the iisi. and the single arrow shows
for the cylindrical model investigated, probe spatial resolu- the point of probe insenion.
lion, model perturbation by the probe ("the neck" for

i!vr semisolid phantom). Also, the agreement between the per-
n mttvity assumed in calculations and that of the material .7
used plays a certain role.

The probe sensitivities as determined by a comparison of 1ii z ±
ferent models for the three probes at 350, 920, and 2450 V___ L. _ .___L

'
_

MHz are summarized in Table I and compared with the L

data for slab phantoms (131. A rather good agreement (
" between the sensitivity values obtained using different X

models was obtained. 0 0. 04

V. CONcLUstoIs 0.03

A quantitative comparison between the distnbutions of
S the specific absorption rate (SAR) obtained by analytical 0.0ca

[. methods and by probing the electric fields in lossy spheres
and cylinders using implantable probes was performed.

An excellent agreement between the theory and experi- 0. 0

meit was found within the limitations of the probes. The
main limitations of the field probing are due-to the ipatial 0. CIOZ, resolution of the probes. which in turn de:pends on the -15 -10 -51 0 5 t o 15

OtSTANCE ALONG rTE X-AXIS
probe size. Other probe limitations include the probe sym. C c, )
metry, cross-coupling between the dipoles, and the field Fig S. Comparison of the calculated and measured SAR distnhuiton
perturbation. The experiments confirmed that the com- across a circular cylinder filled with the a'erage tissue phantom
puter-controlled experimental dosimetry system 1121 allows c ' -53.5.E Mode. / -350 MHz. Incident Poer Density

m uW/cra, L-062 A. L'-044 A,, d-0029 , Probe Hol.
to obtain the SAR distributions not only rapidly and day. Sensvty B-16- ;V/(V-/mht Sold ine indimtcei the calcu-
conveniently, but that the accuracy is practically de. ataed values. .- measured values at, xx measured values at2. Co

termined by the accuracy of the probe used, with much nieasured values at 3. The vertical bats show the uncertrinty of mca-
surements: the double arrow indicates the direction of incidence of the

smaller errors due to the remaining parts of the system. wave.
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